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1.  INTRODUCTION 

Applications  of  millimeter  wave  radars  in  Army  ground-to-ground, 
ground-to-air,  and  air-to-ground  weapons  systems  are  discussed  in  tins 
report.  The  advantages  and  limitations  of  operating  at  millimeter 
wavelengths  in  these  applications  are  defined. 

The  characteristics  of  millimeter  wave  propagation  in  adverse 
weather  are  presented;  emphasis  is  placed  on  rain  backscatter  and 
attenuation  theory,  experimental  data,  and  rain  effects  on  radar 
system  performance. 


The  theory  of  fluctuating  clutter  is  described  .and  a terrain 
clutter  model  is  pi'esented  whose  output  is  characterized  by  its  power 
spectral  density  and  probability  density  function.  Several  clutter 
discrimination  techniques  are  described. 

To  extend  the  range  of  millimeter  wave  radars  in  adverse  weather, 
the  use  of  more  complex  modulation  waveforms,  such  as  FM/CW,  along 
with  more  sophisticated  data  processing  techniques,  is  proposed. 
Extended  ranges  would  result  from  the  increased  sensitivity  of  the 
radar  system  derived  from  the  use  of  reduced,  optimized  bandwidths 
commensurate  with  the  data  rates  required.  The  extra  complication 
of  such  radars  would  be  justified  in  applications  where  the  other 
unique  properties  of  millimeter  wave  radars  are  required,  such  as 
improved  low-angle  tracking,  high  angular  resolution  of  multiple 
targets,  secure  operation,  and  reduced  interference  between  adjacent 
radars 

Frequencies  in  the  regions  of  16,  35,  and  s)5  GHz  are  suitable 
for  high-accuracy,  low-angle  tracking.  The  tracking  accuracy  improves 
with  increasing  frequency.  However,  at  35  GHz  the  rain  backscatter 
is  relatively  large  and,  therefore,  the  use  of  this  frequency  might 
be  restricted  to  moving  targets  where  MTI  can  be  used. 


11.  MILLlMCTU.l  WAVE  PROPAGATION  CHAR.iCTl.RlSTICS 
A.  Atmospheric  Effects 

The  maximum  range  of  a millimeter  wave  radar  is  limited  not  only 
by  component  performance  but  also  by  the  propagation  characteristics 
of  the  atmosphere.  Millimeter  waves  are  attenuated  hy  (1)  the  molecular 
absorption  of  water  Mpor  and  oxygen  in  clear  weather,  (2)  the  absorp- 
tion of  condensed  water  droplets  in  fog  and  rain,  and  (3)  the  scattering 
from  water  droplets  in  rain.  In  addition,  raindrops  scatter  energy 
back  into  the  radar  antenna  that  appea'^s  as  noise  at  the  receiver  and 
cen  obscure  desired  targets. 
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There  are  propagation  windows  at  nominal  frequencies  of  35,  94, 
140,  240,  360,  420,  and  890  GHi,  as  shown  in  Figure  1.  The  atmospheric 
attenuation  at  these  window  frequencies  increases  with  increasing 
frequency,  except  in  the  region  of  240  GHz  where  the  attenuation  is 
less  than  at  140  GHz  by  about  1.3  dB/km.  Only  the  coarse  structure  of 
the  attenuation  curve  is  shown  in  Figure  1,  although  the  major  propaga- 
tion windows  are  shown.  A comparison  of  the  attenvatjon  at  optical 
and  radar  wavelengths  can  be  conveniently  made  from  Figure  1. 

The  cloar-weather  atmospheric  attenuation  at  3S,  70,  and  94  GHz 
is  generally  small  compared  with  other  radar  system  losses  and  propaga- 
tion effects.  At  140  and  240  GHz,  atmospheric  attenuation  is  appreci- 
able, and  at  360  GHz  and  above,  it  is  usually  prohibitively  large  for 
all  but  very  short-range  system  applications. 

Figure  1 also  shows  the  rain  plus  atmospheric  attenuation  at  the 
propagation  window  frequencies  for  4,  10,  and  25  mm/hr  rainfall  rates. 
The  increase  in  attenuation  from  rain  over  clear  weather  attenuation 
can  be  seen  in  this  figure. 

Figure  2 shows  calculated  rain  attenuation  versus  frequency 
curves  that  have  been  found  to  be  in  good  agreement  with  measured 
attenuation.  A curve  of  calculated  fog  attenuation  is  also  included 
in  Figure  2 which  shows  the  relatively  low  attenuation  in  the  milli- 
meter wave  region  compared  with  the  high  attenuation  in  the  optical 
region.  It  is  this  unique  characteristic  of  millimeter  waves  to 
penetrate  fog,  drizzle,  dust,  and  dry  snow  with  very  little  attenua- 
tion that  makes  them  viseful  where  good  performance  must  be  maintained 
through  conditions  of  poor  visibility. 

As  stated  previously,  in  addition  to  attenuation  by  the 
atmosphere  and  rain,  further  degradation  of  radar  performance  can 
be  caused  by  the  backscatter  from  condensed  water  droplets.  The 
theory  of  millimeter  wave  rain  propagation  through  rain  is  discussed 
in  Appendix  A.  The  uncertainty  that  existed  previously  between 
calculated  and  observed  rain  backscatter  at  millimeter  wavelengths 
has  been  resolved  with  a study  conducted  by  BRL  in  which  rain  back- 
scatter and  attenuation  were  measured  at  9.375,  35,  70,  and  95  GHz.^ 
The  quantitative  relationship  between  rain  characteristics  and  back- 
scatter was  determined  experimentally  over  a wide  range  of  rainfall 
rates . 


*^V.W.  Richard  and  J.E.  Kammerer,  "Rain  Backscatter  Measurements  and 
Theory  at  Millimeter  Wavelengths,"  BRL  Report  No.  1838,  October  1975 
(AD  B008173L), 
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Figure  3 shows  A-scope  photographs  of  rain  backscatter  measured 
at  70  GHz  for  rainfall  rates  of  1 to  100  mm/hr  which  are  illustrative 
of  the  amplitude  characteristics  of  rain  clutter.  In  these  photographs, 
the  rain  backscatter  trace  rises  to  a maximum  deflection  at  a range  of 
about  0.1  km  because  of  the  recovery  time  of  the  receiver-protector 
device  and  then  decreases  with  increasing  range  because  of  the  normal 
propagation  spreading  loss  plus  rain  attenuation.  The  broad  band  of 
noise  on  the  trace  is  the  fluctuation  of  rain  echoes  caused  by  the 
rapidly  changing  interference  effects  between  the  randomly  falling 
raindrops.  The  backscatter  from  light  rainfall  (Figure  3a,  1 mm/hr) 
is  characterized  by  a gradually  diminishing  amplitude  versus  range. 

The  backscatter  from  somewhat  heavier  rainfall  (Figures  3b  and  3c, 

6 and  15  mm/hr)  has  a greater  amplitude  at  short  range  and  falls  off 
more  rapidly  with  increasing  range.  For  heavy  rainfall  (Figures  3d, 

3e,  and  3f,  26-100  mm/hr)  the  maximum  rain  return  at  short  ranges 
is  about  the  same  amplitude  as  medium  rainfall,  but  the  backscatter 
falls  off  more  rapidly  with  increasing  range  because  of  the  greater 
attenuation  caused  by  the  heavier  rainfall.  The  reduction  in  the 
trihedral  target  return  with  increasing  rainfall  rate  is  also  evident 
in  these  photographs. 

The  maximum  range  at  which  the  rain  backscatter  is  above  the 
receiver  noise  is  not  very  large  in  the  photographs  in  Figure  3,  but 
field  radars  with  higher  power  and  better  sensitivity  than  the  exper- 
imental radar  used  for  this  experiment  would  show  rain  backscatter 
above  receiver  noise  out  to  much  greater  ranges. 

Figure  3 additionally  illustrates  the  increase  in  the  slope  of 
the  rain  backscatter  trace  as  the  rainfall  intensity  increases.  It 
has  been  observed  that  this  slope  bears  a very  definitive  relationship 
to  the  rainfall  rate  and,  once  calibrated,  can  be  used  as  a very  fast 
response  rainfall  intensity  indicator.  This  slope  technique  is  partic- 
ularly useful  in  evaluating  the  rainfall  rate  as  a function  of  range 
in  order  to  quickly  assess  the  range  capability  of  a millimeter  wave 
radar  in  rain  from  moment  to  moment  under  rapidly  changing  rainfall 
conditions . 

The  results  of  the  BRL  rain  backscatter  measurement  experiment 
are  showii  in  Figure  4 in  the  form  of  rain  backscatter  coefficient 
versus  rainfall  rate  for  9.37.S,  35,  70,  and  95  GHz.  An  extensive 
review  of  other  experimental  and  theoretical  data  on  rain  backscatter 
and  attenuation  is  given  in  Reference  1.  For  e.xample.  Figure  5 shows 
calculated  rain  backscatter  data  by  Rozenberg^  for  the  frequency 
range  of  10  to  10,000  GHz  along  with  BRL  measured  data  points. 


2 

V.I.  Rozenberg,  "Radar  Characteristics  of  Rain  in  Submillimeter 
Range,"  Radio  Eng,  and  Elec.  Physics,  Vol.  1^,  No.  12,  2157-2163,  1970. 
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Figure  3.  A-Scope  Photographs  of  Rain  Backscatter  at  70  GHz  vs  Rainfall  Rate 


BRl.  MEASURED  DATA  L.S.  FIT 


O Inri/hr 
O lOmri/hr 
A lOOnm/hr 

Rozenber)?^ 


B.  Radar  Range  in  Rain 


The  equations  and  data  in  Appendix  A and  Reference  1 provide  basic 
propagation  data  from  which  calculations  can  be  made  of  the  performance 
of  millimeter  wave  radar  systems  in  rain  over  a wide  range  of  frequen- 
cies and  rainfall  rates.  The  combined  effects  of  rain  backscatter 
and  attenuation  must  be  taken  into  account  when  calculating  the  maximum 
radar  range  in  rain.  The  magnitude  of  the  effect  of  rain  backscatter 
in  reducing  range  is  shown  in  Figure  6 for  radars  with  a fixed  antenna 
size  of  1 meter  diameter  operating  between  10  and  300  GHz.  The  range 
at  which  the  rain  return  is  equal  to  the  target  return  is  shown  in 
Figure  6 for  targets  of  1 and  5 square  meters. 

The  radar  range  for  the  condition  where  the  rain  return  is  equal 
to  the  target  return  is  given  by  the  following  equation  which  is 
derived  in  Reference  1, 


D 


d2 


1/2 


,1.35x10®  T X^n 


(1) 


where  D = range,  ra  (it  is  assumed  that  the  radar  has  sufficient 
power  and  sensitivity  to  achieve  this  range) 

d = antenna  diameter,  m 

2 

= target  cross  section,  m 
T = pulse  duration,  seconds 
X = wavelength,  m 

2 3 

n = rain  backscatter  coefficient,  m /m  . 


The  rain  backscatter  coefficient  values  used  are  given  in  Table  I 
(from  Reference  1).  It  should  be  noted  that  the  backscatter- limited 
range  of  Figure  6 goes  through  a broad  minimum,  in  the  region  of  20 
to  40  GF.z,  indicating  that  band  frequencies  (55  GHz)  are  more 
strongly  affected  by  rain  backscatter  than  frequencies  lower  or  higher 
for  a radar  that  is  antenna-size  limited;  i.e.,  the  antenna  size  is 
held  constant  as  the  comparison  is  made.  This  phenomenon  was  con- 
sistently observed  during  the  BRL  rain  experiment,  as  shown  in  Figure  7 
which  illustrates  the  superiority  of  a 95-GHz  radar  over  70-  and  35-GHz 
radars  (all  with  the  same  antenna  size)  in  detecting  a sphere  target 
of  0.05  square  meter  in  a heavy  rain.  The  target  return  is  well  above 
the  rain  backscatter  at  95  GHz  but  is  completely  obscured  at  70  and 
35  GHz. 


Range  at  which  Rain  Return  Equals  Target  Return  vs 
Frequency  and  Rain  Rate  with  Constant  Antenna  Size 


Figuru  8 showi  th«  r&in  r&nge  when  the  entenna 

beaawidth  is  held  constant  (0.68  degree  In  this  exasple,  the  beasiwidth 
for  a l-Mter-diaaeter  antenna  at  35  GHs)  and  the  antenna  slac  la 
decreased  with  increasing  frequeacy.  For  this  case,  the  rain  back- 
scatter-llnited  range  is  a Blnlaaim  in  the  region  of  100  GHz  for  light 
rain  and  60  GHz  for  heavy  rain. 

The  aagnitude  of  the  range  reduction  by  rain  attenuation  is 
illustrated  la  Figures  9 and  10  for  tracking  radars  operating  at  35 
and  95  GKi,  respectively.  Maxinua  tracking  range  was  calculated 
using  the  fallowing  equation,  radar  systen  parameters,  and  atmospheric 
conditions. ^ 
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exp  - 0.461aD 

^(4if)3KT  F (S/N)^ 


1/4 


C2) 


where  D = range,  m 

Pp  = peak  transmitted  power,  w 

G = anttnna  gain,  power  ratio 

X 5 wavelength,  m 

2 

= target  cross  section,  m 
a = one-way  rain  attenuation,  dB/m 
KT  H 4 X 10'*^  watts/Hz 
BjP  H IF  bandwidth,  Hz 
Bpj^  = tracking  loop  bandwidth,  Hz 

F = receiving  systen  noise  figure,  power  ratio 
S/N  - signal-to-noise  power  ratio. 

Tracking  ranges  were  calculated  using  the  following  radar  system 
parameters  and  operating  conditions: 

Frequency,  GHz 

2 

Target  cross  section,  m 
Antenna  diameter,  m 
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RAIN  BACKSCATTER  LIMITED  - CIRCULAR  POLAR 


_RAIN  BACKSCATTER  LIMITED  - LINEAR  POLAR. 
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^ 95-GHi  Rad&T 

ralcvjUted 

ngute  10.  Calc 


Transmitted  power,  kw 

20 

10 

Receiver  noise  figure,  dB 

7 

10 

IF  bandwidth,  MHz 

10 

10 

Tracking  bandwidth,  Hz 

10 

10 

Slgnal-to-noise  ratio,  dB 

s 

5 

Rain  attenuation,  dB/km,  from 
Figure  2: 

Rainfall  rate,  mm/hr 

0 1 

4 

16 

35  GHz  attenuation,  one-way, 
dB/km 

0.16  0.25 

0.95 

3.0 

95  GHz  attenuation,  one-way, 
dB/km 

0.5  1.2 

3.4 

9.2 

The  backscattcr- limited  range  data  for  linear  polariiation  from 
Figures  <5  and  8 are  also  shovm  in  Figures  9 and  10  along  with  curves 
for  circularly  polarized  operation  based  on  a rain  backscattcr  re- 
duction Of  18  dB  with  circular  polarization  and  an  associated  5 dB 
reduction  of  the  target  cross  section. 

At  35  GHz,  for  tie  radar  and  target  parameters  used  in  Figure  9, 
the  range  is  severely  limited  by  rain  backscattcr,  with  the  range 
being  about  one-third  of  what  it  would  be  if  limited  by  attenuation 
only.  For  moving  targets,  MTI  would  possibly  reduce  the  effects  of 
rain  backscattcr  sufficiently  to  take  the  system  to  the  rain  attenua- 
tion limited  range  in  most  cases.  For  non-moving  targets,  circular 
polarization  can  be  used  to  increase  the  range,  provided  that  the 
radar  has  enough  power  and  sensitivity  to  see  the  reduced  target  cross 
section  that  usually  results  when  circular  polarization  is  used.  Tho 
effect  of  using  circular  polarization  at  70  GHz  to  reduce  rain  clvitter 
is  shown  in  Figure  11  where  the  rain  return  is  reduced  below  the 
receiver  noise  when  circulajT  polarization  of  the  same  sense  for 
transmitting  and  receiving  is  used.  Note  also  in  this  figure  that 
the  return  from  the  trihedral  and  tree  is  also  reduced  when  using 
circular  polarization  of  the  same  sense.  If  neither  KfTI  or  circular 
polarization  can  be  used  with  a 35-GHz  radar  system,  the  rain  back- 
scatter  will  impose  a significant  performance  limitation  unless  a 
very  large  antenna  can  be  used. 


At  95  GHz,  for  the  radar  and  target  parameters  used  in  Figure  10, 
the  range  is  attenuation  limited,  which  means  that  the  range  could  be 
increased  if  more  power  or  a more  sensitive  receiver  was  used.  The 
use  of  circular  polarization  or  MTI  would  not  be  absolutely  necessary 
for  the  example  chosen  in  Figure  10  to  reduce  rain  clutter,  unless 
ranges  in  excess  of  10  km  were  desired. 

These  calculations  of  the  range  of  millinseter  wave  radars 
operating  in  rain  are  given  only  as  examples  of  the  relative  magnitudes 
of  rain  attenuation  and  backsctitter  effects.  The  calculated  ranges  do 
not  necessarily  represent  the  maximum  performance  attainable  with  higher 
performance  components  and  the  use  of  optimum  modi’’ •>.tion  and  data 
processing  techniques. 

C.  Optimum  Radar  Frequencies 

Based  on  atmospheric  propagation  considerations  alone,  the  choice 
of  an  optimum  frequency  foi  a weapons  system  radar  would  have  to  take 
into  account  the  maximum  range  required  under  the  types  of  adverse 
weather  specified  for  the  application.  For  example,  rain  backscatter 
can  obscure  small  targets  at  very  short  ranges  at  certain  frequencies. 
Th.e  optimum  frequency  to  minimize  rain  clutter  obscuration  is  a 
function  of  the  autenna  beamwidth  and  pulse  length.  In  general,  the 
attenuation  by  rain  becomes  more  of  a problem  with  in-reasing  frequency, 
alt’iiough  attenuation  can  be  overcome  with  increased  1 tenna  gain  and 
transmitter  power,  and  more  sophisticated  modulation  and  signal  proc- 
essing. Thus,  it  becomes  necessary  to  consider  the  interaction  between 
the  radar  system  parameters  and  weather  effects  to  obtain  the  required 
performance. 

The  choice  of  nn  optimum  frequency  for  a wide  range  of  radar 
applications  has  been  very  comprehensively  treated  by  Strom.*  The 
effects  of  propagation  attenuation,  rain  and  terrain  clutter,  and 
radar  system  parameters  typically  available  at  frequencies  in  the 
microwave  and  millimeter  region  are  considered  in  these  references. 


L.D.  Strom,  "Applications  for  Millimeter  Radars,"  System  Flanning 
Corp.,  Arlington,  VA,  Report  No.  108,  for  ARPA,  31  December  1973, 
(CONFIDENTIAL),  AD  5J9566;  "Adverse  Weather  Applications  for  Millimeter 
Radars  on  the  Battlefield,"  Paper  G.3,  NELC/TD  308,  1974  Millimeter 
Wave  X Technical  Conference,  Naval  Electronics  Laboratory  Center, 

San  Diego,  CA,  26-28  March.  19"4. 


III.  MILLIMETER  WAVE  RADAR  CHARACTERISTICS 


A.  General 


The  millimeter  and  sub -millimeter  wave  region  of  the  electro- 
magnetic spectrum  between  10  millimeters  and  1.0  millimerer  wavelength 
(30-300  GHz)  has  unique  quasi  radio-optical  propagation  characteristics. 
The  extremely  high  angular  resolution  and  heavily  degraded  adverse 
weather  properties  of  optical  systems  are  approached  at  the  high 
frequency  end  of  this  spectrum,  and  the  all-weather  propagation  and 
broader  resolution  properties  of  radio  waves  are  realized  at  the  low 
frequency  of  this  spectrum. 

The  use  of  very  short  wavelengths,  in  the  millimeter  and  sub- 
millimeter region,  and  very  narrow  antenna  beamwidths  in  radar  designs 
offers  a number  of  desirable  features  for  Army  weapons  systems  applica- 
tions. These  features  include: 

1.  Narrow  antenna  beamwidth  with  small  antenna,  which  provides 

(a)  high  tracking  and  guidance  accuracy, 

(b)  capability  of  tracking  down  to  very  low  elevation  angle 
before  ground  multipath  and  ground  clutter  become 
appreciable, 

(c)  good  resolution  of  closely  spaced  targets, 

(d)  high  angular  resolution  for  area  mapping  and  target 
surveillance, 

(e)  high  immunity  to  jamming  (narrow  beamwidth  makes  jamming 
through  the  main  beam  difficult), 

(f)  high  antenna  gain,  and 

(g)  capability  of  detecting  and  locating  small  objects  such 
as  wires,  poles,  and  projectiles. 

2.  Wide  frequency  spectrum  availability,  which  provides 

(a)  high  information  rate  capability  for  obtai.iing  fine 
structure  detail  of  target  signature  with  narrow  pulses 
or  wideband  FM, 

(b)  wideband  spread- spectrum  capability  for  reduced  multipath 
and  clutter, 

(c)  high  immunity  to  jamming. 


(d)  multiple  adjacent  radar  operation  without  interference, 
and 


(e)  very  high  range  resolution  capability  for  precision  track- 
ing and  target  identification. 

3.  High  absorption  around  transmission  windows,  which  provides 

(a]  secure  operation,  if  required,  by  selecting  a frequency 
with  higher  absorption,  and 

(b)  difficulty  of  long-range  jamming. 

4.  Low  scatter  from  terrain,  which  provides 
(a)  reduced  multipath  interference,  and 
(bj  reduced  terrain  clutter. 

5.  Penetration  of  dry  contaminants  in  atmosphere,  which  provides 
good  operation  under  limited  visibility  conditions  of  dust, 
smoke,  and  dry  snow. 

6.  Small  targets  become  an  appreciable  part  of  a wavelength, 
which  provides  good  capability  of  detecting  wires,  poles, 
trees,  projectiles,  birds,  and  insects. 

7.  Doppler  frequency  is  high  from  low  radial  velocity  target, 
which  provides  good  detection  and  recognition  capability  of 
slowly  moving  or  vibrating  target;  doppler  frequencies  are 
typically  conveniently  in  the  audio  range. 

There  are  also  limitations  with  millimeter  wave  radars  which 
include  the  following: 

1.  Reduced  range  in  adverse  weather 

(a]  Rain,  wet  snow,  and  fog  of  high  moisture  content  will 
reduce  the  range  by  attenuation  that  sometimes  can  be 
overcome  with  higher  power,  greater  antenna  gain  and 
optimum  modulation  and  data  processing. 

(b)  Rain  produces  rain  backscatter  which  can  mask  targets; 
the  use  of  NfTI , narrow  antenna  beamwidths,  narrow  pulse 
widths,  and  optimum  operating  frequencies  will  minimize 
rain  backscatter  effects. 
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2.  Poor  foliage  penetration 

(a)  There  is  little  or  no  penetration  of  dense  green  foliage; 
which  is  also  true  at  microwaves. 

(b)  There  is  soma  penetration  through  the  openings  between 
leaves  and  branches  which  improves  with  increasing 
frequency.  Visually  obscured  aircraft  have  been  tracked 
behind  trees  at  70  GHz, 

3.  High  cost  of  components 

Ca]  Currently  most  millimeter  wave  components  are  expensive, 
largely  because  of  lack  of  high  quantity  production. 
Recent  advances,  such  as  the  millimeter  wave  integrated 
circuit  developments  using  microstrip  and  dielectric 
waveguides,  show  promise  of  greatly  reducing  the  cost 
of  components  and  assemblies. 

(b]  Solid  state  sources  are  just  becoming  available  from 
R&D  laboratories,  with  attendant  high  cost  and  some 
limitations  on  reliability.  Quality-controlled  high- 
quantity  production  should  solve  these  problems. 

4.  Lack  of  some  components  necessary  for  rugged,  field  model 
millimeter  wave  radar  designs  for  operation  above  35  GHz  such 
as  high-power  (=  10  kw)  transmitters,  high-power  circulators 

1 kwj , low-loss  radomes,  low-loss  and  compact  receiver 
protectors,  and  monopulse  antenna  feeds.  Some  design  and 
development  work  has  been  done  on  these  items,  but  they  have 
not  been  developed  to  a stage  where  they  have  been  produced 
in  quantity  or  ruggedized  for  field  use. 


B,  Ground-to-Air  Millimeter  Wave  Radar  Characteristics 


1.  General . A narrow  bearawidth,  millimeter  wave  radar  is  partic- 
ularly well  suited  for  tracking  low-altitude  aircraft  since  no  appreci- 
able ground  clutter  is  intercepted  and  the  sky  background  gives  a 
high  target -to -background  contrast.  When  the  aircraft  is  at  tree-top 
level  at  very  long  ranges,  the  tree  background  return  can  present  a 
problem  in  obscuring  the  aircraft  return.  However,  the  use  of  a 
narrow  range  gate  will  eliminate  the  obscuring  problem  except  when  the 
front  edge  of  the  tree  line  is  at  the  range  of  the  aircraft.  The  use 
of  MTI  and  automatic  tracking  circuits  with  predicted  aircraft  velocity 
and  acceleration  will  aid  in  keeping  lock  during  short  periods  of  high 
background  and  tree  clutter. 
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2.  R^ar  Return  from  Haltcopter.  To  bettor  assess  the  magnitude 
of  the  helicopter  radar  return  and  the  ground  and  tree  clutter  probloti, 
neasurements  were  made  of  the  radar  return  at  70  GHz  while  tracking  a 
helicopter  at  low  altitudes  above  and  behind  trees.  The  radars  used 
are  described  La  Tables  II  and  III  and  are  shown  in  Figures  12'14. 

k UH-1  helicopter  was  flown  above  and  behind  trees  and  over  water 
at  an  altitude  of  30  meters  in  crossing  courses  and  radial  flight  paths 
out  to  a maximum  range  of  about  3 km.  A video  camera  with  a zooai 
telephoto  lens  was  moiinted  on  the  radar  antenna  to  record  the  aircraft 
position  and  its  surroundings.  A second  video  camera  was  trair  A on 
the  A-acope  of  the  radar  to  record  the  transmitted  pulse  and  .>  *eived 
echoes.  The  outputs  of  the  two  video  cameras  were  mixed  and  recorded 
on  a i-ineh  video  tape  recorder. 

Example  of  flight  records  where  manual  tracking  was  used  are 
shown  in  Figures  IS  to  23;  there  are  photographs  of  the  video  tape 
operating  in  the  playback  stop-action  mode.  The  A- scope  trace  is 
shown  in  the  lower  portion  of  the  photograph,  with  the  transmitted 
(Tq)  pulse  at  the  extreme  left.  The  narrow,  jitter-free  quality  of 
the  original  radar  pulse  returns  is  lost  in  these  photographs  taken 
of  the  video  monitor,  but  the  amplitude  of  the  return  and  the  absence 
of  clutter  can  be  seen.  While  viewing  the  tapes  in  motion,  the  rate 
and  amplitude  of  the  fluctuation  of  the  radar  returns  can  also  be  seen. 

Figures  15  to  17  show  the  helicopter  at  a range  of  about  1.2  km 
and  an  altitude  of  30  meters  flying  a crossing  course  Just  visible 
above  the  trees  but  beyond  the  front  edge  of  the  tree  line,  which  is 
at  a range  of  240  meters.  The  strong  aircraft  return  echo  completely 
clear  of  ground  and  tree  clutter  can  be  seen.  It  is  interesting  to 
note  that  in  Figure  17,  where  the  main  body  of  the  helicopter  la 
behind  the  trees  and  only  the  tail  rotor  is  exposed,  a strong  echo 
is  still  received.  In  Figure  18,  the  entire  helicopter  is  behind 
the  trees  and  cosipletely  visually  obscured,  but  a strong  echo  is 
still  received  by  propagation  through  the  openings  among  the  leaves 
and  branches.  The  tree  return  is  also  strong,  but  it  is  at  a much 
shorter  range  since  the  radar  reflection  from  trees  is  essentially 
all  from  the  front  edge  of  the  tree  line. 

Figures  19  and  20  are  from  radial  runs  of  the  helicopter  flying 
at  an  altitude  of  30  meters  with  the  line-of-sight  just  above  the  top 
of  the  trees.  Since  the  antenna  bean  is  only  6 meters  wide  at 
1 kilometer,  the  helicopter  must  be  very  close  to  the  trees  and  at 
the  same  range  before  the  tree  return  will  compete  with  the  helicopter 
return.  Figure  20  shows  the  propagation  of  the  radar  signal  through 
a small  gap  between  the  trees.  I'he  helicopter  at  0.91  km  is  giving 
a strong,  clear  radar  return. 
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TABLE  II 


BRL  70-GHz  TRACKING  RADAR 

Power,  10  kw  peak,  5 watts  average 
Pulse  width,  50  nanoseconds 
PRF,  10  KHz 

Antenna,  0.92  m (3-foot)  parabolic  reflector 
Beamwidth,  0,34  degrees 
Beam  scanning,  conical 
Polarization,  vertical 

Antenna  Mount,  automatic  track  and  manually  trainable  via 
optical  sight 

Transmitter-Receiver,  from  AN/HP5-29  Search  Radar  built  by 

Georgia  Institute  of  Technology  for  the  U.S.  Army  Signal  Corps. 


TABLE  III 

UNITED  AIRCRAFT  CO.,  NORDEN  DIV.,  70-GHz  RADAR 

Power,  500  watts  peak,  0.25  warts  average 
Pulse  width,  50  nanoseconds 
PRF  2-10  KHz 

Antenna,  0.92  m,  (3-foot)  parabolic  reflector 
Beamwidth,  0.34  degrees 
Beam  scanning,  none 

Polarization,  horizontal,  vertical,  right-  or  left-hand 
circular  with  any  combination  for  transmit  and  receive 

Antenna  mount,  manually  trainable 
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Figure  14.  Norden  70-GHz  A1 1 -Polarization  Radar 


TARGET:  UH-IB  Helicopter 

LOCATION;  Flying  Cross  Course  at  1.28  km,  30  meters 
Altitude,  Close  to  Tree  Top  Level 


TARGET;  UH-IB  Helicopter 

LOCATION;  Flying  Crosa  Course  at  1.15  30  meters 

Altitude,  Going  Behind  Trees 

RADAR;  70  GHz  Norden 


Figure  16.  Helicopter  Flying  Crossing  Course,  Going  Behind  Trees 
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Trees 


Helicopter 


TARGET:  UH-IB  Helicopter 

LOGATIGN:  Flying  Grose  Course  at  1.28  km,  30 
Altitude,  Completely  behind  trees. 

RADAjI:  70  GHz  Gordon 


meters 


Figure  18.  Hclicoptjr  ri}'ir.g  Crossing  Course,  Conplctrly  Obscured  by  Trees 
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Trees  "olicortcr 

TARGET:  UH-IB  Helicopter 

LOCATIO’.':  Flying  North-South  Course,  Range  1^55  moters, 

30  meters  Altitude,  Close  to  Trees 

RADAR:  70  GHz  Ballistic  Rusearch  Laboratories 

Figure  19.  Helicopter  Flying  Radial  Course,  Just  above  Trees 


I 


l K '•^W.TIT  7“V» 


TARGET;  UH-IB  Helicopter 

LOCATION:  Flying  North-South  CoursCj  Range  910  meters, 

Between  Cap  in  Trees 

'RADAR;  70  GHz  Ballistic  Research  Laboratories 


Figure  20.  Helicopter  Flying  Radial  Course,  Behind  Heavy  Tree  Cover 
bat  Visible  Through  Gap 


TARffiT;  UH-13  Helicopter 

LOCATION:  Hovering  at  820  meters  Range,  7*^  meters 

Altitude 

RADAR:  70  GHz  Norden 

S^VEEP:  2 microstconds/div;  1000  ft/div;  30U  meters/div 


Figure  22. 


Radar  Return  from  Helicopter  Hovering, 


Direct  A-Scope  Photograph 
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TARGET;  UH-lB  Helicopter 

LOCATION;  Flying  Cross  Course  at  1.13  km,  30  meters 
Altitude  just  above  Tree  Top  Level 

RADAR;  70  GHz  Norden 

SWEEP;  2 microseconds/div;  1000  It/div;  30U  neters/div 


Figure  23.  Radar  Return  from  Helicopter  ^lying  Ciossing  Course  ove.' 
Trees,  Direct  A-Scopc  Photograph 
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Figure  21  shows  the  helicopter  hovering  7.6  meters  above  the  water 
at  « range  of  670  meters.  Tlie  radar  return  is  strong  and  clear  without 
any  clutter.  The  received  signal  was  recorded  as  the  helicopter  slowly 
rotated  in  azimuth,  presenting  all  aspects  to  the  radar.  A fortuitous 
circumstance  happened  while  taping  this  run  in  that  a bird  flew  across 
the  beam,  which  shows  up  clearly  as  an  echo  at  460  meters. 

Figures  22  and  23  show  the  radar  pulse  return  from  the  helicopter 
as  photographed  directly  from  a fast-respcnse  oscilloscope.  The  narrow, 
jitter-free  pulse  and  clutter-free  return  is  more  clearly  shown  in  these 
photographs  than  in  the  previous  photographs  of  the  video  tape  playback. 
The  signal-to-n'olse  ratio  is  greater  than  40  dB  for  an  effective  trans- 
mitter power  to  the  antenna  of  about  200  watts  peak  and  0.1  watt  average 
for  this  test. 

3.  Automatic  Tracking  Tests.  Helicopter  flight  tests  were  made 
with  th'?  BRL  70-GHz  radar  operating  in  a conical  scan,  automatic  track- 
ing mode  to  assess  (1)  the  tracking  accuracy  at  low  altitudes  and  close 
to  trees,  (2)  target  glint  affects  at  close  ranges,  i.e.,  to  determine 
the  effective  point  of  track  as  the  aspect  angle  of  the  helicopter  was 
changed,  and  (3)  the  acquisition  and  lock-on  characteristics  of  a narrow 
beaawidth  tracking  system.  A UH-1  helicopter  was  flown  at  an  altitude 
of  30  meters  in  a circle  of  about  1.5-km  diameter  with  part  of  the 
flight  behind  trees.  Unfortunately  the  foliage  was  not  very  dense  at 
the  time  of  these  tcists  and  complete  visual  obscuration  could  not  be 
obtained;  also,  safety  limitations  prevented  flights  to  a greater  range. 

Figure  24a  shows  the  field  and  wooded  area  over  which  the  helicopter 
was  flown.  This  photograph  gives  the  general  perspective  of  the  test 
area  as  viewed  with  the  unaided  eye.  The  black  horizontal  lines  on  the 
photographs  are  transmitter  pulses  that  leaked  into  the  video  camera 
circuits.  A telescopic,  zoom  lens  was  used  for  Figures  24b,  c and  d to 
more  accurately  determine  the  point  of  tr.ick  on  the  helicopter.  The 
aiming  circle  has  a 2-railliradian  diameter  and  is  boresighted  to  the 
radar  antenna , 

Figure  24b  shows  the  helicopter  being  tracked  while  approaching  the 
radar.  The  point  of  track  was  consistently  the  main  rotor  hub  when  the 
helicopter  flew  toward  or  away  from  the  radar.  Figure  24c  shows  the 
helicopter  turning  to  make  a crossing  run;  the  radar  is  still  tracking 
the  main  rotor  hub.  When  the  helicopter  was  exactly  broadside  to  the 
radar,  as  shown  in  Figure  24d,  the  radar  consistently  moved  back  to 
track  the  tail  rotor.  Tracking  accuracy  was  well  vuthin  the  aiming 
circle  on  each  of  the  rotor  hubs,  with  the  only  region  of  uncertainty 
occurring  when  the  helicopter  aspect  was  approaching  the  broadside 
orientation. 

Acquisition  and  lock-on  was  not  difficult.  The  radar  atitenna  was 
pointed  toward  ti.e  helicopter  with  the  aid  of  an  optical  sight  t.o  within 
roughly  the  dimension  of  the  helicopter,  and  lock-on  always  occurred. 
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The  radar  antenna  quickly  moved  toward  the  main  or  rear  rotor  hub, 
depending  on  the  orientation  of  the  helicopter. 

The  helicopter  was  also  tracked  while  flying  behind  trees,  as  shown 
in  Figure  25.  Generally  good  tracking  was  maintained,  although  there 
was  considerable  modulation  of  the  amplitude  of  the  return  caused  by 
foliage  obscuration  and  possibly  multipath  propagation  from  the  trees. 
Tracking  was  much  rougher  than  it  was  when  the  helicopter  was  away  from 
the  trees  and  there  was  an  occassional  loss  of  lock.  There  was  no 
observable  ground  clutter  multipath  effects  during  any  part  of  these 
tests . 

4 . Ground  Multipath.  When  the  tracking  range  is  extended  or  the 
aircraft  altitude  is  reduced  over  terrain  that  has  little  or  no  vegeta- 
tion, a geometric  condition  will  ultimately  be  reached  where  the  lower 
portion  of  the  antenna  beam  will  illuminate  the  earth  simultaneously 
with  the  target.  The  radar  signal  can  then  reach  the  target  and  return 
to  the  radar  by  a direct  path  and  by  way  of  reflection  from  the  earth 
and/or  scattorers  on  the  earth.  This  multipath  situation  usually  only 
becomes  serious  under  geometrical  conditions  where  the  angular  separa- 
ion  between  the  direct  and  reflected  wave  is  comparable  to  or  less  than 
the  antenna  elevation  beamwidth,  e.g.,  a target  altitude  less  than  20 
meters  at  5-km  range  when  a 1-meter-diameter  radar  antenna  is  used  at  95 
GHz.  The  reflected  wave  is  then  not  suppressed  by  the  antenna  directiv- 
ity. The  net  effect  >f  strong  multipath  propagation  on  radar  performance 
is  to  cause  errors  in  antenna  pointing  and  ranging  and  to  severely  modu- 
late the  received  signal  amplitude,  causing  deep  fades  and  possible  loss 
of  automatic  track.  The  effect  on  tracking  is  to  make  the  antenna  point 
above  and  below  the  true  target  direction  in  a cyclic  manner  as  the 
reflected  wave  goes  alternately  in  and  out  of  phase  with  the  direct 
wave.  The  cyclic  rate  can  vary  from  near  zero  to  frequencies  of  many 
hertz.  If  the  cyclic  rate  is  within  the  antenna  drive  servo  passband, 
the  antenna  will  follow  the  apparently  widely  changing  angle  of  arrival 
of  the  multipath  signal.  If  the  reflected  signal  is  large  and  reaches 
a critical  value,  the  swing  of  the  antenna  can  approach  the  antenna 
beamwidth.  If  the  reflected  signal  strength  goes  above  this  critical 
value,  the  antenna  will  swing  down  to  the  image  direction  and  cycle 
above  and  below  this  point;  however,  this  i.s  not  a stable  condition  and 
the  antenna  can  swing  eratically  between  the  direction  of  the  target  and 
the  image,  usually  causing  loss  of  track. 

One  of  the  simplest  techniques  for  reducing  low- elevation-angle 
multipath  tracking  error  is  off-boresight  tracking.**  The  antenna  bore- 
sight  is  maintained  at  an  elevation  above  the  target  with  the  exact 


W.H.  Bockmiller  and  P.R.  Dax,  "Radar  Low  Angle  Tracking  Study,"  NASA 
Contract  Report  No.  1387,  Westinghouse  Electric  Corp.,  Baltimore,  MD, 
June  1969. 
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elevation  angle  depending  upon  the  radar  antenna  pattern  shape  and  site 
conditions.  This  technique  works  on  the  principle  that  the  multipath 
signal  ii  reduced  more  than  the  target  signal  because  of  the  steep 
falloff  of  the  antenna  pattern.  Off-boresight  tracking  has  been  effec> 
tive  in  preventing  gross  swings  of  the  antenna  and  enables  continuous 
automatic  track  until  the  target  range  is  reduced  enough  to  operate  in 
the  normal  on-axis  track  mode. 

Another  very  effective  technique  for  reducing  multipath  effects  is 
to  change  the  frequency  of  the  transmitted  signal  sufficiently  to  cause 
the  error  to  go  through  a complete  cycle  during  the  time  period  of 
measurement.  Thus,  the  multipath  error  can  be  averaged  out.  This 
technique  is  called  either  frequency  agility,  swept  frequency,  frequency 
diversity,  or  spread  spectrum  operation.  The  transmission  frequency  can 
bo  changed  by  different  waveforms  such  as  sinusoidal,  triangular,  or  in 
random  noise  fashion.  A thoorstical  study  and  experimental  investiga- 
tion of  wideband  swept  frequency  methods  for  reducing  multipath  effects 
have  been  made  at  BRL.®  The  results  are  very  impressive  not  only  in 
suppressing  multipath  but  in  increasing  the  target-to-background  contrast 
ratio  whore  the  background  clutter  is  caused  by  scintillation,  target 
vibration,  and  wind-blovm  vegetation.  Enhanced  angular  resolution  and 
improved  signal -to-noise  ratios  have  been  demonstrated. 


C.  Ground-to-Ground  Millimeter  Wave  Radar  Characteristics 

1.  General . Ground- located  microwave  radars  which  operate  against 
ground  targets  are  typically  subiect  to  severe  performance  degradation 
from  multipath  propagation,  foliage  obscuration,  terrain  masking, 
clutter,  and  natural  or  man-made  false  targets.  If  an  appreciable 
portion  of  the  antenna  beam  intercepts  the  terrain,  the  radar  performance 
can  be  limited  because  of  one  or  more  of  the  above  factors.  Gixjund 
multipath  and  clutter  do  not  usually  limit  the  performance  of  millimeter 
wave  ground-to-ground  systems  as  seriously  as  foliage  obscuration,  back- 
ground clutter,  and  terrain  masking.  Operation  in  the  millimeter  wave- 
length region  with  a narrow  beamwidth  antenna  and  a short  transmitted 
pulse  or  wide  bandwidth  frequency  modulation  aids  sufficiently  in 
operating  successfully  close  to  the  ground. 


^R.  McGee,  "Multipath  Suppression  by  Swept  Frequency  Methods,"  Ballistic 
Research  Laboratories  Memorandum  Report  No.  1950,  November  1968, 

AD  682728. 
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2 . Multipath.  Experimental  studies  have  been  made  at  BRL  on 
millimeter  wave  multipath  pointing  errors  when  propagating  very  close 
to  the  ground. Multipath  pointing  errors  hive  also  been  measured 
with  a 140-GHz  blstatic  radar. In  general,  the  maximuni  pointing 
error  in  elevation  over  grassy  terrain  was  observed  to  be  less  than 
plus  or  minus  one-tenth  of  the  3-dB  beamwidtb. 


K.A.  Richer,  "4.4  Mm  Wavelength  Near  Earth  Propagation  Measurements 
(U),"  Ballistic  Research  Laboratories  Memorandum  Report  No.  1403, 

May  1962  (Confidential),  AD  331098. 

^C.L.  Wilson,  "Antenna  Pointing  Errors  in  Simultaneous  Lobing  Antenna 
System,"  Ballistic  Research  Laboratories  Technical  Note  No.  1453, 

June  1962,  AD  608997. 
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C.L.  Wilson,  "Antenna  Pointing  Errors  in  Sequential  Lobing  Antenna 
System,"  Ballistic  Research  Laboratories  Technical  Note.  1463, 

May  1962,  AD  609009. 
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T.W.  O'Dell,  "Final  Report  for  Missile  Guidance  Subsystem  Feasibility 
Program  - Phase  lA  (’J),"  General  Precision  Labcirntories  Report  No.  P0268 
(Confidential)  . 
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T.W.  O'Dell,  "Final  Report  for  Missile  Guidance  Subsystem  Feasibility 
Program  - Phase  2 (U),'  General  Precision  Laboratories  Report  No.  14990-2, 
June  1962  (Confidential). 

^N.  Leggett,  "Final  Report,  Breadboard  Feasibility  Study  of  the  Derringer 
Weapon  Guidance  System,"  Bendix  Pacific  Div,  Report  No.  91-139-1  (U) , 

May  1963. 


J.E.  Kammerer  and  K.A.  Richer,  "4.4  Mm  Near  Earth  Antenna  Multipath 
Pointing  Errors  (U) ,"  Ballistic  Research  Laboratories  Memorandum 
Report  No.  1559,  March  1964  (Confidential),  AD  443211. 

^J.E.  Kammerer  and  K.A.  Richer,  "4.4  Mm  Wavelength  Precision  Antennas 
and  Mount,"  Ballistic  Research  Laboratories  Memorandum  Report  No.  1576, 
July  1964,  AD  449726. 

^J.E.  Kammerer  and  K.A.  Richer,  "140  GHz  Millimetric  Bistatic  Continuous 
Wave  Measuremei;ts  Radar,"  Ballistic  Research  Laboratories  Memorandum 
Report  No.  1730,  January  1966,  AD  484693. 

^J.E.  Kammerer  and  K.h.  Richer,  "Pointing  Errors  of  a 140  GHz  Bistatic 
Radar  System  Illuminating  U.S.  Army  Targets  (U) Ballistic  Research 
Laboratories  Memorandum  Report  No.  1755,  June  1972  (Confidential), 

AD  375942. 


/ 'itonatic  tracking  teats  were  made  with  the  BRL  70-C3ix  radar  track- 
ing a iickup  truck  to  study  multipath  and  target  glint  effects.  The 
truck  was  driven  over  an  irregular  course  at  a range  of  about  300  meters 
in  a field  covered  with  grass  and  high  weeds.  Figure  26a  shows  the 
radar  tracking  the  rear  edge  of  the  truck  as  it  was  driven  on  a cross- 
ing course;  this  was  a consistent  tracking  point  when  the  truck  was 
broadside  to  the  radar.  When  the  truck  turned  away  from  the  radar,  as 
shown  in  Figure  26b,  the  radar  tracked  the  rear  of  the  cab.  Good  track- 
ing was  maintained  when  the  truck  was  driven  right  up  to  the  edge  of 
the  woods,  as  shown  in  26c.  Figure  26d  shows  the  truck  as  it  is  driven 
on  a crossing  course.  The  radar  tracked  the  geometric  center  of  the 
truck  when  it  was  coming  toward  or  going  away  from  the  radar,  as  shown 
in  Figures  26e  and  26f. 

Lock-on  to  the  truck  was  easily  accomplished  either  by  orienting 
the  antenna  toward  the  truck  and  switching  to  automatic  or  by  pointing 
the  antenna  ahead  of  the  truck  and  letting  it  drive  into  the  beam. 

Large  targets  in  the  field  such  as  a comer  reflector  and  a large  wood 
pole  would  cause  the  radar  to  lose  lock  on  the  truck  and  stay  on  these 
targets  if  the  ti*uck  was  driven  past  them  slowly.  If  the  truck  was 
driven  past  them  at  a high  speed,  the  inertia  of  the  antenna  carried 
it  past  the  other  targets  and  the  radar  remained  locked  onto  the  truck. 
Tracking  was  generally  very  smooth  and  well  within  the  2-mii liradiaii 
aiming  circle,  as  can  be  seen  in  Figure  25.  There  was  no  evidence  of 
multipath  within  the  angular  definition  of  observation  using  the  aiming 
circle. 
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The  pointing  error  caused  by  multipath  is  dependent  upon  the  type 
and  surface  conditions  of  the  terrain,  the  polarization  of  the  trans- 
mitting and  receiving  antenna,  the  type  of  antenna  scan,  i.e.,  conical 
or  raonopulse,  and  the  type  of  modulation  and  signal  processing. 
Propagation  over  smooth,  compacted,  flat  terrain  causes  the  largest 
multipath  pointing  error,  which  under  certain  conditions  can  be  as 
much  as  the  antenna  beamwidth;  grassy  terrain  causes  the  smallest 
pointing  error.  The  azimuth  multipath  pointing  error  is  usually  random 
in  nature  and  small;  however,  if  there  are  large  irregularities  in  the 
composition  or  surface  conditions  in  the  region  of  the  reflection  area, 
the  azimuth  errors  can  also  be  large. 

Monopulse  and  conical  scan  multipath  pointing  errors  have  been 
found  to  be  quite  similar  in  magnitude,  although  the  monopulse  system 
tested  at  70  GHz  had  more  regions  of  little  or  no  pointing  error  as 
the  height  above  ground  was  varied.^^ 

The  use  of  140  and  240  GHz  for  anti-tank  beam  rider  systems  looks 
very  promising.  Very  narrow  beamwidths  can  be  obtained  with  small 
antennas  to  obtain  high  tracking  accuracy  and  avoid  grouTid  and  back- 
ground multipath  and  clutter.  The  range  obtainable  in  clear  and 
moderately  adverse  weather  appears  adequate  with  the  miniaturized,  all- 
solid state  transmitters  and  receivers  that  are  becoming  available. 
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It  Is  interesting  to  specalete  that  with  a bean  rider  or  a cotfmand 
guidance  systen,  multipath  errors  might  not  be  serious  during  the  final 
phase  of  the  flight  sj.nce  botn  the  target  and  the  missile  being  tracked 
would  be  seen  by  the  tracking  radar  with  approximately  the  sane  multipath 
errors.  However,  one  potential  problem  is  that  the  missile  might  strike 
the  earth  along  the  flight  pa>.h  if  the  multipath  error  has  a large  down- 
ward value. 

3.  Ground  Clutter.  When  narrow  bearawidtli  antennas  are  used,  the 
ground  clutter  return  from  flat  terrain  is  not  usually  very  large  un- 
less the  antenna  is  directed  downward  to  the  ground.  For  example,  at 
70  GHz  with  a 0.34 -degree  antenna  Bwunted  1.4  meters  above  the  ground, 
no  ground  clutter  was  seen  over  flat  terrain  when  the  antenna  was 
pointed  horizontally;  the  antenna  had  to  be  pointed  downward  about  a 
beamwidth  to  get  appreciable  ground  clutter  return.  Figure  27  shows  the 
clutter  from  a field  of  grass  and  weeds  when  tho  artenna  was  pointed 
downward  0.26  degree.  The  antenna  was  pointed  toward  the  base  of  the 
trees  at  a range  of  304  meters.  The  clutter  has  a peak  value  of  about 
25  dB  above  the  peak  receiver  noise  level. 

The  magnitude  of  ground  clutter  in  a ground-to-groimd  radar 
application  will  depend  strongly  on  the  terrain  features.  If  the 
teri’ain  is  flat  with  low  vegetation,  targets  can  be  seen  well  above 
the  clutter  level.  For  example,  a tank  was  manually  tracked  with  a 
70-GHz  radar  as  an  initial  experiment  to  determine  the  relative  magni- 
tude of  ground  clutter  and  the  tank  return.  Figure  28  shows  the  tank 
manually  tracked  with  a 70-GHz  radar  whose  antenna  is  about  1.4  meters 
above  the  ground.  The  A-scope  trace  Is  shown  in  the  upper  portion  of 
the  figure.  When  the  beam  was  pointed  at  the  junction  of  the  tuzTet  and 
the  tank  body,  the  strongest  signal  was  received  and  very  little  ground 
clutter  was  received  at  the  tank  range.  In  Figure  29,  the  tank  has 
been  moved  to  a low  area  among  high  weeds  and  the  clutter  is  appreciable. 
A telescopic  view  of  the  tank  is  shown  in  Figure  29  where  the  high 
v<-getation  around  the  tank  is  causing  some  clutter  close  to  the  tank 
signal.  The  clutter  signal  scintillates  rapidly  and  deeply  and  generally 
has  a much  longer  risetime  than  the  tank  return  pulse,  which  suggests 
a technique  for  discrimination  of  ground  clutter  from  the  desired  target 
by  pulse  risetime  gating.^® 

One  of  the  most  effective  techniques  in  separating  moving  targets 
from,  background  clutter  is  to  use  the  doppler  shift  phenomenon  where 
the  frequency  difference  between  frequency  spectra  of  fluctuating  clutter 
and  doppler-shifted  echoes  from  a moving  target  is  used.  The  theory  of 
the  statistical  nature  of  fluctuating  clutter  is  given  in  Appendix  B, 
end  a description  of  MTI  techniques  is  given  in  Appendix  C. 


Stansbury  and  C.L.  Wilson,  "A  Signal  Processing  Pulse  Width 
Discriminator,"  Ballistic  Research  Laboratories  Memorandum  Report 
No.  2040,  June  1970,  AJ)  710230, 
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TARGET;  M U8  Tank 

LOCATION:  365  meters  Range,  Woods  Background 

RADAR:  70  GHz  Norden 


Figure  28.  70-Gflz  Radar  Return  from  Tank  in  Clear  Field 


TARCET:  M U8  Tank 

LOCATION:  260  meters;  Telephoto  Photograph  showing 

j High  Grass 

RADAR:  70  GHz  Norden 


Figure  29.  70-GHz  Radar  Return  from  Tank  in  High  Gras 


Other  techniques  for  clutter  rejection  and/or  target  signal  enhance- 
ment include  the  use  of  (1)  a swept  frequency  radar  as  described  earlier 
under  ground-to-air  systems,  C2)  pulse  width  and  slope  discrimination 
circuits,^®  (3)  polarization  discernment  to  identify  the  target  by  its 
polarization  characteristics,  and  (4]  target  vibration  and  rotation- 
induced  modulation.  This  fourth  technique  is  particularly  useful  on 
stationary  targets  where  either  the  engine  is  running  or  it  is  windy, 
since  at  short  wavelengths  small  physical  movement  of  a reflector  causes 
a large  fluctuation  in  received  signal  strength  at  the  rate  at  which 
the  reflector  is  vibrating  or  rotating  or  being  blown  about. 

4.  Foliage  Obscuration.  Foliage  obscuration  at  millimeter  wave- 
lengths is  quite  high;  there  is  essentially  no  penetration  directly 
through  dense  green  foliage.  The  propagation  through  the  openings 
between  foliage  components  has  been  studied  at  BRL  with  a 35-GHz  radiome- 
ter where  a comparison  was  made  between  the  millimeter  wave  and  the 
optical  blockage. Millimeter  wave  obscuration  wa.s  found  to  be 
greater  than  originally  predicted  as  based  on  the  optical  obscuration. 
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D,  Air-to-Ground  Millimeter  Wave  Radar  Characteristics 

Airborne  radars  operating  against  ground  targets  generally  suffer 
from  target  acquisition  problems,  foliage  obscuration,  and  ground 
clutter.  Radars  operating  at  millimeter  wavelengths  with  narrow  antenna 
beams  will  give  high  resolution  of  ground  targets.  A narrow  antenna 
beamwidth  will  also  reduce  the  ground  clutter,  but  dense  foliage  obscura- 
tion will  not  be  helped.  However,  where  the  foliage  is  sparse,  the 
target  might  be  seen  because  of  the  high  resolution  of  angle  and  range. 


Ground  mapping  for  area  surveillance  and  target  acquisition  can  be 
done  exceptionally  well  at  millimeter  wavelengths.  The  resolution 
obtained  with  narrow  antenna  beams  is  sometimes  high  enough  for  real- 
time, forward -aspect  signal  recording  which  is  much  simpler  than  the 
side-looking,  synthetic  aperture  type  system  with  its  complex  data 
processing  and  lack  of  coverage  forward. 

The  use  of  millimeter  wavelength?  for  Instrument  Landing  Systems 
(ILS)  applications  offers  advantages  of  very  high  resolution  and  accuracy 
with  acceptable  aircraft  antenna  size. 

^'R.  McGee,  "Millimeter  Wave  Radiometric  Detection  of  Targets  Obscured 
by  Foliage,"  Ballistic  Research  Laboratories  Memorandum  Report  No.  1901, 
January  1968,  AD  667962, 
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R.  McGee,  W.  Sacco  and  W.  Lese,  "Effects  of  Obscuration  on  Millimeter 
Wave  Signatures  of  Targets,"  Ballistic  Research  Laboratories  Memorandum 
Report  No.  1962,  February  1969,  AD  684900, 


R.  McGee,  "A  Foliage  Obscuration  for  Passive  Radiometric  Detection 
System,"  Ballistic  Research  Laboratories  Memorandum  Report  No.  1999, 
July  1969,  AD  858380, 


Given  that  the  target  is  acquired  and  designated,  a millimeter  air- 
to-ground  system  should  provide  excellent  gun-aiming  accuracy  or  weapon 
delivery  guidance  and  terminal  homing.  The  multipath  and  terrain  mask- 
ing problems  will  not  be  as  severe  as  in  ground-to-ground  applications. 

E.  Target  Acquisition  Millimeter  Wave  Radar  Characteristics 

The  use  of  millimeter  wave  sensors  for  target  acquisition  holds 
promise  for  performing  all  the  functions  involved  in  acquisition  such 
as  the  volume  search;  detection  of  presence  of  a target;  discrimination 
of  target  from  clutter  and  false  targets;  identification  by  gross  cat- 
egory such  as  a moving  tank,  truck,  rotary-wing  or  fixed-wing  aircraft; 
location;  automatic  tracking  for  determination  of  range,  radial  velocity, 
and  azimuth  and  elevation  angles;  assignment  of  target  to  a weapon  for 
engagement;  and  assessment  of  the  damage  by  the  indication  of  cessa- 
tion of  movement  or  absence  of  signal  return.  The  sensor  could  operate 
in  either  the  pulse,  FM/CW,  or  spread-frequency  spectrum  modes. 

A millimeter  wave  target  acquisition  system  will , of  course,  be 
limited  by  the  handicaps  already  discussed  (reduced  performance  in  rain, 
foliage  obscuration,  terrain  masking,  clutter;  and  natural  and  man-made 
false  targets)  plus  the  inherent  problem  of  a longer  search  time  or  more 
rapid  scan  rate  requirement  associated  with  searching  a large  volume 
with  a narrow  beamwidth.  Some  applications,  such  as  an  antiaircraft  gun 
fire  control  search  radar  used  against  low-flying  aircraft,  require  only 
limited  elevation  search,  primarily  at  the  horizon,  These  low-altitude 
search  systems  reduce  the  search  volume  appreciably  and  make  the  use  of 
a narrow  beamwidth  search  radar  feasible.  In  addition,  multiple-beam 
search  antennas  can  be  used  to  reduce  the  time  required  to  search  out 
a large  volume.  In  view  of  the  recent  development  of  potentially  low- 
cost  integrated  circuit  receivers,  the  multiple-beam  concept  is  becoming 
more  feasible. 

A millimeter  wave  target  acquisition  sensor  would  have  a number  of 
advantages  and  possiblities , such  as; 

1.  Small  targets  can  be  detected  since  they  will  be  an  appreciable 
part  of  a wavelength. 

2.  Dry  contaminants  in  the  atmosphere  such  as  smoke,  dust,  smog, 
and  dry  snow  do  not  affect  performance. 

3.  The  absorption  in  the  atmosphere  and  the  narrow  beams  make 
detection  and  jamming  by  the  enemy  difficult  at  long  ranges. 

4.  High  angular  resolution  pemiits  effective  separation  of  the 
desired  target  from  nearby  scatters  for  effective  target  discrimination 
from  natural  and  man-made  objects. 
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5.  A very  narrow  beam  allows  operation  of  the  sensor  close  to  the 
ground  and  acquisition  of  low-altitude  targets  with  a mlnlnjua  of  ground 
multipath  and  ground  clutter  interference, 

6.  The  combination  of  narrow  beam  and  narrow  transmitted  pulse 
greatly  improves  the  target-to-clutter  ratio  and  permits  design  of  a 
very  effective  ffTI  system  for  the  detection  of  slowly  moving  targets 
hidden  in  clutter.  At  millimeter  wavelengths,  the  doppler  frequencies 
resulting  from  small  radial  velocities  are  in  the  audio  frequency  range 
and  are  convenient  to  process. 

7.  Stationary  and  moving  targets  have  unique  detectable  signatures 
if  there  is  some  vibration  or  rotary  motion  of  a component  that  is  a 
millimeter  wave  reflector.  It  is  possible  to  detect  very  small  (milli- 
meter) movements  of  reflectors  since  such  movements  are  an  appreciable 
part  of  a wavelength  and  cause  a large  change  in  the  phase  of  the  re- 
flected signal.  The  phase-modulated  reflected  signal  combines  vector- 
ially  with  the  gross  reflected  signal  from  the  main  body  of  the  target, 
resulting  in  an  amplitude  modulation  at  a rate  proportional  to  the 
vibration  or  rotation  rate.  The  success  of  this  technique  is  dependent 
upon  the  difference  in  the  spectra  of  the  target  and  the  clutter. 

A millimeter  wave  radar  used  in  conjunction  with  an  acoustic  sensing 
system  (which  has  a good  capability  to  detect  and  identify  audio  noise- 
emitting  targets)  would  provide  accurate  target  location  and  tracking 
information.  The  acoustic  signature  of  the  desired  target  would  serve 
to  aid  the  radar  in  acquiring  the  target  by  matching  the  spectrum  of  the 
acoustic  signal  with  that  of  the  rotation  and/or  vibration  doppler  mod- 
ulation on  the  radar  signal. 

8.  Wideband  spread-spectrum  operation  provides  good  target-to- 
clutter  enhancement  by  averaging  out  the  clutter  as  described  previously. 

9.  Extremely  high  range  resolution  techniques  offer  promise  for 

the  identification  or  recognition  of  spatial  features  of  targets.  For 
example,  an  FM/CW  radar  that  has  15-cm  resolution  and  a 4.5-mil,  3-db 
beaawldth  has  been  investigated  at  Good  depth  feature  resolution 

is  possible  with  this  type  of  radar. 


20 

J.  E.  Kannnerer,  "A  94  GHz  FM-CW  Radar  with  Six-Inch  Range  Resolution 
Capability,"  Ballistic  Researcn  Laboratories  Memorandum  Report 
No.  2235,  September  1972,  AD  9084b5L. 


58 


IV.  MILLIMETER  WAVE  RADAR  AND  COMPONENT  STATUS 


A.  Existing  Radars 


A number  of  radars  operating  at  millimeter  wavelengths  have  been 
built  for  military  applications  which  are  indicative  of  component  avail- 
ability and  technology  status.  Most  of  them  have  been  at  the  low  frequency 
end  of  the  millimeter  wave  band  in  the  33  to  36  GHz  region,  called  the 

K band,  and  also  called  bands  K-7 (32-34  GHz)  and  K-8 (34-36  GHz). 

& 

Following  is  a list  of  band  radars  and  applications: 

Application  Identification 

Weather  Radars  AN/APQ-39 

AN/APQ-70 


Slar  Radars  (Side-Looking  Mapping) 

Forward- Scanning  Mapping  Radars 

Navigation  Radars 

Terrain-Avoidance  and  Terrain- 
Following  Radars 

"MOTARDES"  Doppler  Airborne  Radar 
Mapping  and  Search  Radar 
Carrier  Landing  Radars 
Sea  Clutter  Measurement 

Cross  Section  Measurement 

Lunar  Radar 

Low-Angle  Tracking  Over  Water 

Anti-Tank  Missile  Terminal  Homing, 
FM/CW  and  Noise/FM  Solid  State  Radar 

Tracking  and  Cross  Section  Studies, 
Pulse/FM  Solid  State  Radar 
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AN/APO-55,  -56,  -79,  -86,  -97 
AN/APQ-7,  -8,  WX-50 

A.N/APQ-113(K  ),  -144  (K  ) 

Si  & 

AN/APQ-S7,  -58 


AN/APQ-89 

AN7APQ-137 

AN/APN-61 

AN/SPN-10,  -41,  -42 

Instrumentation  Radar,  GIT 
Georgia  Institute  of  Technology, 
Atlanta,  GA 

Instrumentation  Radar,  RATSCAT 
Air  Force  Special  Weapons 
Command,  Holloman  AFB,  NM 

Experimental,  MIT,  Cambridge,  MA 

Experimental,  Naval  Research 
Laboratory,  Washington,  DC 

TGSM  Project,  BRL  and  Sperry  for 
Missile  Command,  Redstone  Arsenal, 
AL 

Experimental,  BRL 


Ftwer  military  radars  have  been  built  for  the  higher  frequency  end 
of  the  millimeter  wave  band;  most  of  them  are  in  the  experimental  or 
prototype  stage.  Following  is  a list  of  radars  operating  between  70  and 
140  GHz. 


Application 

Freq. 

Identification 

Source 

Side-Looking  Mapping  Radar 

70  GHz 

AN/APQ-62 

Search  Mapping  Radar 

70 

JR-9 

Raytheon 

Search  Radar 

70 

AuN/BPS-8 

Search  and  Surveillance 

70 

AN/MPS-29 

GIT 

Search  and  Surveillance 

70 

Experimental 

Harry  Di amond  Lab . 
Wash.,  DC 

Aircraft  Obstacle  Avoidance 
Aircraft  Instrument  Landing 
Monopulse  Tracking 

70 

Experimental 

Norden  Div.  of 
United  Aircraft, 
Norwalk,  CT 

Low-Altitude  Aircraft 
Tracking 

70 

Experimental 

BRL 

Obstacle  Avoidance 
Sea  Clutter  Measurement 

95 

It 

NADC,  Warminster,  1 

Space  Object  Identification 

95 

n 

Aerospace  Corp., 
El  Seeundo,  CA 

Arctic  Terrain  Avoidance 
Airborne  Obstacle  Avoidance 

95 

ti 

Applied  Physic.s 
Lab.,  Silver 
Spring,  MD 

Airborne  Applications 
Terrain  Imaging 
Instrument  Landing 
Short  Range  Weapon  Delivery 
Sensor  Cueing 

95 

ti 

Goodyear  Aersopace 
Corp.,  Litchfield 
Park,  AZ 

FM/CW  and  Noise/FM  Radar 
for  Clutter  Suppression 
and  Fine  Range  Resolution 

95 

If 

BRL 

Pulse/FM  Solid  State  Radar 
for  Tracking  and  Cross 
Section  Measurement 

95 

ti 

BRL 

Pulse/FM  Solid  State  Radar 
for  Beam  Rider 

140 

If 

BRL 

Bistatic  CW  Radar  for  Cross 
Section  and  Propagation 
Measurements 

140 

It 

BRL 

Pulse/FM  Solid  State  Radar 
Studies 

220 

If 

BRL 
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A number  of  organizations  outside  the  United  States  also  have  devel- 
oped millimeter  wave  radars  for  military  and  commercial  use. 

B.  Radar  Components 

At  35  GHz  low-power,  solid  state  transmitters,  high-power  transmit- 
ters up  to  150  kw,  and  all  of  the  other  necessary  system  components  and 
test  instrumentation  are  commercially  available  to  build  and  test  radars. 

At  95  GHz,  low-power  transmitters  (1.5  watts  peak),  solid  state 
sources,  and  a complete  line  of  components  and  test  instrumentation  are 
available.  For  high-power  transmitters  in  the  5-  to  10-kw  range,  mag- 
netrons and  distributed  interaction  kylstrons  have  been  built.  An  ex- 
tended interaction  oscillator  type  tube  has  been  proposed,  but  additional 
development,  ruggedization,  and  reliability  improvements  are  needed 
before  any  of  these  tubes  can  be  put  into  field  use.  High-power  circu- 
lators, compact  receiver  protectors,  low-loss  radomes,  and  monopulse 
tracking  antennas  are  not  now  commercially  available  at  95  GHz. 


Mixers  with  very  low  noise  figures  are  available;  for  example,  noi.se 
figures  of  4 dB  at  35,  8 dB  at  95,  and  13  dB  at  140  and  220  GHz  are 
available.  The  Schottky  barrier  diodes  used  in  these  mixers  are  sensi- 
tive to  burnout  and,  therefore,  very  high  isolation  receiver  protectors 
are  needed  when  they  are  used  with  high  power  transmitters. 

Unfortunately,  in  general,  currently  available  millimeter  wave 
components  are  expensive,  critical  to  use  and  generally  have  short  life 
when  they  handle  much  power  or  are  exposed  to  transients.  This  situa- 
tion exists  largely  because  of  the  newness  of  the  field,  the  small  volume 
of  usage,  and  the  small  amount  of  reliability  engineering  being  applied. 

A similar  situation  prevailed  when  microwave  components  were  in  their 
infancy.  Today  we  have  the  advantage,  however,  that  much  of  the  tech- 
nology for  working  to  extremely  small  tolerances  and  with  solid  state 
devices  is  already  well  advanced. 

V.  TECHNOLOGY  ADVANCES  REQUIRED 

lT\e  areas  in  which  technology  advances  and  basic  data  not  now 
available  are  required  in  order  to  fully  employ  millimeter  wave  sensors 
are  as  follows. 


At  140  GHz,  low-power  klystrons,  solid  state  soirees,  Carcinotrons, 
and  extended  interaction  oscillator  type  tubes  are  a ailable,  with  the 
latter  having  an  80-watt  Cb'  output  capability.  In  the  220-  to  240-GHi 
region,  klystrons,  Carcinotrons,  and  extended  interaction  type  oscilla- 
tors are  available,  with  the  latter  having  a 10-watt  CW  output  capabil- 
ity. 
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A.  Weather  Effects 


Additional  experimental  studies  are  needed  at  frequencies  above 
95  GHz  to  supplement  the  theoretical  data  that  now  exist.  These  data  are 
needed  to  predict  the  maximum  range  of  systems  which  must  operate  in 
adverse  weather. 


B.  Target  and  Background  Signatures 

These  is  a great  dearth  of  data  on  target  cross  sections  and 
signatures  with  and  without  camouflage  on  the  target  and  general  terrain 
and  background  clutter  data  in  the  millimeter  wave  region.  Particularly 
needed  are  power  spectral  density  and  probability  density  function  data 
to  optimally  design  radar  systems  for  effective  target  acquisition  and 
accurate  tracking. 

C . Basic  Propagation  Characteristics 

Basic  propagation  data  on  foliage  obscuration,  multipath,  clutter, 
multiple  target,  and  glint  effects  are  needed  for  very  narrow  beamwidth, 
short  pulse,  high  range  resolution  FM/CW,  and  spread  spectrum  milli- 
meter wave  radars.  Included  in  this  study  v.’culd  be  the  effects  and 
possible  improvements  of  frequency  and/or  polarization  agility  in  the 
conical  scan  and  monopulse  modes  of  operation.  These  data  are  needed 
to  determine  the  tracking  accuracy  of  these  special  types  of  radars 
where  the  beamwidth  is  so  narrow  and  the  range  resolution  is  so  high  as 
to  be  comparable  to  the  target  or  clutter  source  dimensions. 


D .  Target  Acquisition  Techniques 

These  is  a need  for  practical,  low-cost,  and  reliable  techniques 
for  the  implementation  of  the  complex  data  processing  procedures  re- 
quired to  acquire  targets  in  difficult  environments. 


E .  Component  Improvement  and  Development 

Improvements  and  new  developments  are  needed  on  the  following 
millimeter  wave  components: 

1.  Duplexers  and  mixer  diode  protectors  for  high-power  (>  10  kw) 
pulse  radars  that  have  low  insertion  loss,  adequate  isolation  to  prevent 
diode  burnout,  and  fast  recovery. 

2.  High-power  (>  10  kw]  sources  that  have  long  life  and  high 
reliability. 

3.  Rapid  antenna  beam  scan  techniques,  electronic  or  mechanical, 
with  low  loss,  for  target  search  and  acquisition. 
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4.  Radomes  with  low  loss  and  low  boresight  shift. 

5.  High-power  (1  to  10  kw)  coherent  sources  or  amplifiers  for 
doppler  systems. 

6.  Low-power  (1-watt),  pulsed,  solid  state  sources  at  140  and 
240  GHz. 

7.  Low  noise  mixers  at  140  and  240  GHz. 

VI.  CONCLUSIONS 


There  are  a number  of  possible  military  applications  of  millimeter 
wave  technology  where  operation  at  these  short  wavelengths  offers  unique 
and  distinct  advantages.  Following  are  suggested  applications. 

A.  Ground-to-Air 


1.  Target  acquisition,  particularly  effective  against  low-altitude 
aircraft . 

2.  Gun  fire  control  with  complete  solution  radar  and  possibly 
closed-loop  fire  control,  particularly  effective  against  low-altitude 
aircraft . 

3.  Range-only  radar  with  rapid  data  acquisition  for  very  short 
time  on  the  air  operation  for  security. 

4.  Active  seeker  for  terminal  homing  on  proiectile  or  missile. 

5.  Tracking  radar  for  laissile  guidance  in  beam  rider,  command,  or 
semi-active  mode. 

6.  Firing  error  or  miss-distance  indication  of  projectiles  or 
missiles  with  capability  of  rapidly  providing  trajectory  and  precision 
velocity  data. 

7.  Weather  radar,  for  acquisition  of  meteorological  data  with 
high  spatial  resolution  at  short  ranges. 

B . Ground- to-Ground 

1.  Ground  target  acquisition,  with  best  possibilities  of  working 
against  targets  that  have  some  linear  or  rotary  motion  or  vibration. 

2.  Anti -mortar  radar  where  the  small  size  and  light  weight  of  the 
antenna  is  a much  needed  advantage. 
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3.  Bullet  detector  and  incoming  projectile  sensor  to  quickly 
determine  trajectory  and  source  o£  incoming  projectiles. 

4.  Anti-tajik  missile  or  projectile  guidance  by  beam  rider  or 
command  guidance  technique. 

5.  Artillery  rocket  tracking  immediately  after  launch  to  measure 
and  correct  for  tipoff  and  ground  wind  effects. 

C.  Air-to-Ground 


1.  Target  acquisition. 

2.  Side-looking  and  forward-scanning  terrain-mapping  radar  for 
reconnaissance,  target  acquisition,  and  damage  assessment. 

3.  Terrain-following  and  obstacle-avoidance  radar. 

4.  Instrument  landing  monitor  (ILM)  system. 

5.  Anti-radiation  missile  (ARM)  seeker  head. 

6.  Anti-tank  missile  guidance  by  terminal  horning  of  sub-missile 
(TGSMj  or  command  guidance  by  sensor  cueing. 

7.  Radar  guided  bomb. 

8.  Gun  fire  control  radar  against  ground  targets  such  as  trucks, 
tanks,  and  missile  launchers. 
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APPENDIX  A* 

MILLIMETER  WAVE  PROPAGATION 


I.  INTRODUCTION 

The  propagation  of  microwave  energy  through  the  atmosphere  results 
in  a reduction  in  intensity  of  the  primary  beam.  This  attenuation  is 
the  result  of  two  phenomena  - absorption  and  scattering.  The  absorp- 
tion arises  from  both  free  molecules  and  suspended  particles  such  as 
dust  and  water  droplets  condensed  in  fogs  and  rains.  In  addition 
to  the  attenuation,  the  energy  scattered  back  in  the  direction  of 
incidence  is  of  prime  interest  for  radar  applications  since  it  contrib- 
utes additional  noise  to  the  system. 

This  section  su.m.marizes  the  available  theoretical  and  experimental 
data  on  millimeter  weve  (35-94  GHz)  propagation  in  rain  and  fog.  In 
addition,  an  analysis  of  clear  attenuation  in  the  60  to  75  GHz  region 
is  presented. 


II.  CLEAR  AIR  ATTENUATION 

The  gases  that  absorb  microwave  energy  in  a noncondensed  atmosphere 
are  oxygen,  which  has  a magnetic  interaction  with  the  incident  radiation, 
and  water  vapor,  which  contributes  because  of  the  electric  polarity 
of  the  watei  molecule.  In  each  case,  there  are  resonance  frequency 
regions  where  the  absorption  is  abnormally  large. ^ For  oxygen,  the 
resonance  occurs  at  wavelengths  of  approximately  0.5  and  0.25  cm.  In 
the  case  of  water  vapor,  the  resonance  occurs  at  approximate  wavelengths 
of  1.35,  0.27,  0.16  and  0.09  cm. 

The  clear  air  attenuation  coefficient  Is  given  as  a function  of 
frequency  by  Rosenblum^  for  sea  level  and  an  altitude  of  4 kilometers, 
as  reproduced  in  Figure  A-1.  Examination  of  the  figure  shows  regions 
of  relatively  low  attenuation  at  wavelengths  of  approximately  8.6,  3.2, 
2.1,  and  1.3  millimeters.  These  clear  weather  windows  are  usually 
chosen  as  the  operating  frequency  of  sensors  when  optimum  range  perfor- 
mance is  required. 


♦Appendices  A-D  were  prepared  for  BRL  under  Contract  DA.AD05-T-2-C-3059  by 
K.  L.  Koester,  L.  Kosowsky,  and  J.  F.  Sparacio  of  Norden  Division, 
United  Aircraft,  Norwalk,  Connecticut. 

^J.H.  Van  Vleck,  "Theorv  of  Absorption  by  Uncondensed  Gases,”  in  D.E. 
Kerr  (ed.),  Propagation  of  Short  Radio  Waves,  pp.  646-664,  Boston 
Technical  Publishers,  Massachusetts,  1964. 

2 

E.S.  Rosenolum,  "Atmospheric  Absorption  of  10  to  400  KMCPS  Radiation," 
Microwave  Journal,  pp . 91-96,  March  1961. 
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Further  examination  of  Figure  A-1  shows  that  the  attenuation  falls 
off  quite  rapidly  as  the  frequency  increases  from  60  to  94  GHz.  Because 
of  the  rapid  variation  in  attenuation  in  this  frequency  region,  a study 
of  clear  air  propagation  at  sea  level  was  conducted  by  Nordcn  and  is 
summarized  below. 
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Tables  of  theoretical  values  of  absorption  by  oxygen  and  water  vapor 
at  several  discrete  wavelengths  were  presented  by  Van  Vleck.^  Measure- 
ments have  been  made  of  the  clear  air  attenuation  into  the  60  to  75  GHz 
region  by  several  authors.^'®  Their  experimental  results  were  combined 
with  Van  Vleck's  to  obtain  the  clear  attenuation  coefficient  of  64  to 
80  GHz  energy  shown  in  Figure  A-2.  It  should  be  noted  that  the  water 
absorption  is  dependent  on  the  water  vapor  content  of  the  air.  In  a 
temperate  climate,  approximately  one  percent  of  the  molecules  in  the 
atmosphere  are  H^O;  this  corresponds  to  a vapor  content  of  7.5  g/m^. 

Figure  A-2  is  plotted  for  this  vapor  content.  .At  saturation  at  20“C 
at  sea  level,  the  water  vapor  content  is  1~  g/m^.  Under  tropical 
conditions  the  water  vapor  content  can  be  even  higher. 

An  examination  of  the  figure  indicates  that  the  attenuation  decreases 
rapidly  from  6.7  dB/km  at  64  GHz  to  0.27  dB/kn  at  76  GHz.  In  the  76  to 
94  GHz  frequency  range,  there  is  only  a slight  decrease  in  attenuation. 


^D.C.  Hogg.  "Millimeter-Wave  Communication  through  the  Atmosphere," 
Science , pp.  39-46,  5 January  1968. 

4 

C.W.  Tolnert,  and  A.W.  Straiton,  "F.xperimental  Measurement  of  tlie 
Absorption  of  Millimeter  Radio  Waves  Drer  Extended  Ranges,"  IRE 
Transactions  on  Antennas  and  Propagation,  pp.  239-241,  April  1957. 

^.A.W.  Straiton,  and  C.W.  Tolbert,  "Anom.alies  in  the  Absorption  of  Radio 
Waves  by  Atmospheric  Gases,"  Proceedings  of  the  IRE,  pp.  898-903, 

May  1960- 

^A.G.  Kislyakov,  V.N.  Nikonov  and  K.M.  Strezknew,  "An  Experimental  Study 
of  Atmospheric  Absorption  on  a 4.1  mm  Wave  as  Function  of  the  Height 
above  Sea  Level,"  translated  from  Russian  by  tlie  Foreign  Technology 
Division,  WPAFB,  Ohio,  Report  FTn-MT-24-339-(>8,  30  October  1968, 

(AD  685  996). 
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III.  PROPAGATION  IN  RAIN 


The  study  of  the  attenuation  and  scatterijig  in  a medium  such  as 
rain  is  based  upon  the  knowledge  of  the  effects  of  the  individual 
particles.  The  complete  theory  for  spherical  particles  of  any  materi- 
al in  a non-absorbing  medium  was  developed  by  Gustav  Mie.^  This  work 
was  extended  by  Stratton®  and  is  outlined  in  Kerr.®  A comprehensive 


study  of  the  theory  of  electroma^etic  scattering  from  small  particles 
is  also  offered  by  Van  de  Hulst.‘®  A detailed  examination  of  this 


theory  is  beyond  the  scope  of  this  report.  However,  a brief  discussion 
of  the  basic  is  summarized  in  Section  III-A, 


A . Cross  Sections  of  Single  Spheres 


A single  dielectric  sphere  in  the  path  of  a plane  wave  will  scat- 
ter and  absorb  some  of  the  incident  energy.  These  effects  are 
characterized  by  several  quantities  called  cross  sections  and  have 
the  dimensions  of  area.  The  Gunn  and  Hast^^  definitions  of  the  scat- 
tering, absorption,  extinction,  and  backscatter  cross-sections  are: 


Scattering  Cross  Section  = 


(Q3) 


Total  Power  Scattered  An  sterradians) 

Incident  Power  Dens i tv  ^ 


Absorption  Cross  Section  = 


Total  Power  Absorbed  (as  heat) 
Incident  Power  Den;- i tv 


(A-2D 


Extinction  Cross  Section  = 


Total  Power  Lost  (to  the  incident  wave) 
Incident  Power  Densitv 


(A -.3) 


G.  Mie,  Ann  Fhysik,  \ol.  25,  p.  .5’:’  et . seq.,  1908. 
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.7, A.  Stratton,  Electromagnetic  Theory,  McGraw-Hill,  New  York,  1941. 


H.  Goldstein,  ".Attenuation  in  Condensed  Water,"  in  D.E.  Kerr  (ed.). 
Propagation  of  Short  Radio  Waves,  pp.  (.41-692,  Boston  Technical 
Publishers,  Boston,  Massachusetts,  1964. 


10 


H.C.  Van  de  Hulst,  Light  Scactering  bv  Small  Particles,  W'ilcy,  New 
York,  1957. 


11 


K.L.S.  Gunn  and  T.W'.R.  East,  "Tiie  Microwave  Properties  of  Precipita- 
tion Particles,"  Quarterly  -Tourral  of  the  Royal  Meteorological 
Society,  Vol.  80,  pp . 5.55-545,  October  1554. 
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The  term  extinction  is  used  to  describe  the  energy  lost  by  the  incident 
wave  to  t single  particle;  attenuation  is  the  energy  lost  to  a 
continuous  volume  of  particles. 

It  should  bo  noted  that  the  conservation  of  energy  requires  that'® 

Q,  ■ Q.  • Q,  (*• 


Backscatter  Cross  Section 
(a) 


Total  Power  Scattered  Backward  (along  the 
direction  of  incidence) 


Incident  Power  Density 


The  scattering  and  absorption  properties  of  single  particle.s  are 
complex  functions  of  the  size,  shape,  and  index  of  refraction  of  the 
particles  as  well  as  the  wavelength  of  the  incident  energy.  The 
scattering  cross  sections  for  water  spheres  ranging  from  0.04  to  6.0 
millimeters  in  diameter  in  0.04  millimeter  increments  were  calculated 
by  SRI'2  for  various  temperatures.  The  various  cross  sections  at  18°C 
are  shown  in  Figure  A-3. 


Mie  Scattering  Theory 


Our  interest  lies  in  the  backscatter  and  attenuation  cross  sections 
associated  with  a continuous  distribution  of  particle  sizes  within  a 
given  volume.  The  relationships  fur  a single  particle  were  described  in 
Section  III-A.  If  the  particle  size  distribution  is  known,  the 
reflectivity  and  attenuation  can  he  determined,  using  the  appropriate 
scattering  theory. 

The  scattering  theory  to  be  used  in  the  determination  of  the 
backscatter  and  attenuation  of  rain  and  fog  depends  on  the  size  of  the 
drops  in  the  medium  and  the  wavelength  of  the  radiation.  Mie  scatter- 
ing theory  must  be  used  for  drops  larger  than  0.06  wavelength  in 
diameter.  For  drops  ..mailer  than  0.06  wavelength  the  Rayleigh  theory 
approximations  are  applicable. 


"Study  of  Atmospheric  Propagation  Factors  for  70  GHz  Energy," 
Stanford  Research  Institute,  26  August  1969  (Supplied  by  SPI  under 
Norden  fO  0016146  - not  available  fcr  distribution). 
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Sections  of  Water  Spheres 
I Wavelength  Energy  [1] 
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Lukes^^  describes  the  ^Ize  of  the  drops  present  under  various 
atiHospheric  conditions.  The  ranges  of  drop  size  diameters  for  several 
atmospheric  conditions  are  given  in  Table  A-1. 


Table  A-1 

Drop  Diameters  for  Various  Atmospheric  Conditional^ 


1 ATMOSPHERIC  CONDITION 

DROP  SIZE  R.ANGE 

Micrometers 

Haze 

0.01  - 3 

Fog 

0,01  - 100 

Clouds 

1 - 50 

Drizzle  (0.25  mm/hr) 

3 - 800 

Moderate  Rain 
(4.0  mra/hr) 

3 - 1500 

Heavy  Rain 

(16.0  mir./hr) 

3 - 3000 

Since  rain  is  comprised  of  drops  253  micrometers  (0.258  mm)  and 
larger,  Mie  scattering  theory  must  be  used  for  millimeter  wavelength 
radiation.  The  smaller  drops  in  haze  and  clouds  allow  the  use  of  the 
Rayleigh  approximstion . Rain  is  investigated  in  Section  III-D  and 
fog  is  discussed  in  Section  IV. 

The  reflectivity  or  backscatter  cross  section  ,t  volume  in 

the  Mie  Scattering  Region  is  defined  by  Mitchell^*' 


^^G.D.  Lukes,  "Penetrability  of  Haze,  Fog,  Clou-^s  and  Precipitation 
by  Radiant  Energy  Over  the  Spectral  Range  0.1  Micron  to  10 
Centimeters,"  The  Center  for  Naval  Analyses  of  the  University  of 
Rochester,  Report  No.  61,  May  1968,  AD  847658. 

^"*R.L.  Mitchell,  "Radar  Meteorology  at  Millimeter  Wavelengths," 
Aerospace  Corporation,  Report  TR-669  (6256-46) -9,  June  1966. 


84 


1^^ 


I 


0(D)N(D)dD, 


(A-6) 


where  a CD)  = backscatter  cross  section  of  particle  with  diameter  D, 

N(D)dD  = the  number  of  particles  with  diameter  between  D and 
D + dD  per  unit  volume. 

Similarly  the  attenuation  is  defined  as 


t: 


Pit 

I: 


a = 4..^43 


Qg(D)N(D)dD, 


where  ~ extinction  cross  section  of  particle  with  diameter  D. 

.Note  that  the  integral  is  multiplied  by  4.343  to  give  the  units  of 
decibels  per  unit  length  as  in  standard  radar  practice. 


C.  Drop  Size  Distributions 


The  relation  of  raindrop  size  to  intensity  was  first  investigated 
by  Laws  and  Parsons^ ^ in  1943.  Their  experimental  study  indicated 
that  the  median  drop  size  was  a fairly  strict  function  of  rain  inten- 
sity. Tne  cnange  in  median  drop  size  over  the  range  of  intensities 
covered  was  quite  small,  increasing  by  only  three  diameters  while  the 
intensity  increased  by  a factor  of  four  hundred.  Tolbert  and 
Gerhardt^^  presented  the  drop  size  distribution  for  the  Laws  and 
Parsons  data  shown  in  Figure  A-4.  Additional  raindrop  measurements 


O.J.  Laws  and  D.A.  Parsons,  "The  Relation  of  Raindrop-Size  to 
Intensity,"  Transactions  of  the  American  Geo])hysical  Union,  VoT  . 24, 
pp.  452-460,  1943. 

^C.W.  Tolbert  and  J.R.  Gerhardt,  "Measured  Rain  Attenuation  of  4.3 
Millimeter  Wavelength  Kadin  Signals,"  University  of  Texas,  Report 
No.  83,  31  May  1956. 
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DROP  DIAMETER  (rtim) 


■4,  Rainfall  Drop  Size  Distribution  as  a Function  of  Rain 
Rate  for  Laws  and  Parsons  Data  with  0.25  nrni  Diameter 
Interval  [161 


were  performed  by  Marshall  and  Palmer^ ^ in  1948.  The  distribution  of 
drops  with  site  was  found  to  be  in  agreement  with  that  of  Laws  and 
Parsons . 

Cantaneo  and  Stout^®  studied  raindrop  site  distributions  in 
several  locations  and  found  the  distributions  to  be  quite  similar. 

A difference  was  found  between  warm  and  cold  frontal  rains  with  the 
cold  rain  having  smaller  drops.  Despite  the  existing  differences 
in  rain  of  a given  intensity,  the  drop  site  distributions  described 
are  valid  for  a general  study  of  propagation  through  rain. 

D.  Attenuation  Due  to  Rain 


The  first  extensive  investigation  of  attenuation  in  rain  was 
performed  by  Ryde  and  Ryde^^  in  1945.  Their  calculations,  which  are  [ 

presented  in  Kerr,^  were  performed  for  wavelengths  ranging  from  3 i 

millimeters  to  10  centimeters.  A form  of  equation  (A-7)  was  used  L 

with  the  Laws  and  Parsons  drop  size  distribution  and  the  extinction  [ 

cross  section  determined  from  Mie  scattering  theory.  The  one-way  j 

attenuation  in  rain  at  18®C  for  4.3  millimeter  energy  is  shown  in 
Figure  A-S. 

Mie  theory  was  also  used  to  determine  the  rain  attenuation  at 
70  GHz  at  0°C  by  Crane^*^  and  at  10“  and  30“C  by  SRI.'^  Their  results 
are  also  shown  in  Figure  A-S. 

Experimental  confirmation  of  these  results  was  provided  by  Tolbert  i 

and  Gerhardt^®  and  Hogg.^^  T1  i latter's  results  are  also  shown  in  j 

Figure  A-5.  Examination  of  th  s illustration  indicates  general  agree-  j 

ment  on  the  attenuation  in  rain  at  70  GHz. 


17 

J.S.  Marshall  and  W.McK.  Palmer,  "The  Distribution  of  Raindrops  with 
Size,"  Journal  of  Meteorology,  Vol.  5,  pp.  165-166,  August  1948. 

1 8 

R.  Cantaneo  and  G.E.  Stout,  "Raindrop-Size  Distributions  in  Humid 
Continental  Climates,  and  Associated  Rainfall  Rate-Raoar  Reflectivity 
Relationships,"  Journal  of  .Applied  Meteorology,  Vol.  7,  pp.  901-907, 
October  1958. 

19 

J.W.  Ryde  and  D.  Ryde,  "Attenuation  of  Centimeter  and  Millimeter  Waves 
by  Rain,  Fog,  and  Clouds,"  British  General  Electric  Co.,  Report  No. 
8670,  1945. 

20 

R.K.  Crane,  "Microwave  Scattering  Parameters  for  New  England  Rain," 
Technical  Report  426,  Lincoln  Laboratories,  MIT,  3 October  1966. 

21 

D.C.  Hogg,  "Millimeter-wave  Communication  through  the  Atmosphere," 
Science , Vol.  159,  pp.  39-46,  5 January  1968. 
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ATTENUATION  (db/km) 


RAINFALL  RATE  (mm/hr) 


Figure  A-5.  One-Way  Attenuation  in  Rain  at  70  GHz 


Figure  A-6  shows  the  attenuation  coefficient  for  35,  70  and  94  GHz, 
the  "millimeter"  frequencies.  Also  shown  for  comparison  is  the  attenua- 
tion at  15.5  GHz.  These  curves  were  derived  from  data  presented  by 
Crane . 

E.  Backscattei  Cross  Section  of  Rain 


Until  recently,  the  study  of  radar  meteorology  at  millimeter  wave- 
lengths has  largely  been  ignored.  Tne  Rayleigh  scattering  approxima- 
tions used  at  lower  frequencies  are  not  applicable  above  X-band. 

The  exact,  but  mere  difficult.  Mi e theory  was  not  utilized  because 
as  Skolnik^^  points  out,  "...the  larger  attenuations  at  the  higher 
frequencies  preclude  the  making  of  measurements  conveniently."  As 
components  were  developed,  interest  in  millimeter  radar  systems  in- 
creased because  of  their  high  resolution  capability.  At  the  relatively 
short  ranges  of  less  than  5 nautical  miles  where  the  resolution  would 
be  most  useful,  the  rainfall  attenuation  is  small.  Since  backscatter 
data  were  not  available,  many  people  incorrectly  extrapolated  lower 
frequency  results. 

The  Rayleigh  approximation  of  the  backscatter  cross  section  of 
rain  at  55,  70  and  94  GHz  is  shown  in  Figure  A-7.  Also  shown  is  the 
backscatter  cross  section  predicted  by  Crane,  using  Mie  scattering 
theory.  At  70  and  94  GHz  the  difference  between  the  Mie  and  Rayleigh 
values  increases  with  rainfall  rate.  It  is  interesting  to  note  the 
crossover  of  the  35,  70  and  94  GHz  Mie  curves  at  a rain  rate  of  9 
millimeters  per  hour. 

Crane's  backscatter  curve  for  70  GHz  energy  is  repeated  in 
Figure  A-8  for  comparison  with  the  SRI  70  GHz  curves,  which  show  the 
temperature  dependence  of  the  backscatter  coefficient.  (Both  used  a 
form  of  equation  (A-6)  to  obtain  t .e  volume  backscatter  coefficient 
in  units  of  km"^  ster"^.  The  radar  backscatter  coefficient,  plotted 
in  Figure  A-8,  is  defined  as  4tt  times  the  volume  backscatter 
coefficient) . 

The  measurement  of  the  backscatter  cross  section  of  rain  was 
included  in  the  Norden  experimental  program.  The  results  for  rains 
of  2 and  3.8  millimeters  per  hour  are  shown  in  Figure  A-8.  They 
compare  favorably  with  the  predicted  values. 


M.  Gkolnik,  Introduction  to  Radar  Systems,  pp , 
New  York,  1962. 


521-569, 


McGraw-Hill, 
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BACKSCATTER 
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Figure  A-7.  Backscatter  Cross  Section  Per 
Unit  Volume  of  Rain  at  0”C  [20] 


RAINFALL  RATE  (mm/hr) 


Backscatter  Cross  Section  Per  Unit  Volume  of  Rain 
at  70  GHz 
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; ■ ' IV.  FOG 

A.  Characteristics  of  Fog 

Fog  results  froir.  the  condensation  of  atmospheric  water  vapor  into 
I water  droplets  that  remain  suspended  in  the  air.^^  When  the  resulting 

j cloud  or  water  droplets  or  ice  crystals  envelop  an  observer  and 

I restrict  his  horizontal  visibility  to  one  kilometer  or  less,  the 

international  definition  of  fog  has  been  sati sf  ied . Evaporation 

and  cooling  are  the  principal  physical  processes  which  contribute  to 
’ the  formation  of  fog.  Of  the  various  fog  classifications  used  by 

meteorologists,  the  two  basic  types  of  interest  in  radar  applications 
are  advection  fog  and  radiation  fog. 

Advection  is  the  horizontal  movement  of  an  air  mass  that  causes 
changes  in  temperature  or  other  physical  properties.  An  advection 
(or  coastal)  fog  is  one  which  forms  over  open  water  as  a result  of 
the  advection  of  warm  moist  air  over  colder  water. 


Radiation  (or  inland)  fog  forms  in  air  that  has  been  over  land 
during  the  daylight  hours  preceding  the  night  of  its  formation.  Fogs 
which  form  in  low,  marshy  land  and  along  rivers  on  calm,  clear  nights 
are  also  considered  radiation  fogs. 


The  characteristics  of  these  two  fogs  are  given  in  Table  A-2: 

Table  A-2 

Fog  Characteristics^^ 


RADIATION 
(INLAND)  FOG 

.ADVECTION 
(COASTAL)  FOG 

Average  Drop  Diameter 

10  microns 

20  microns 

Tyjiical  Drop  Size  Range 

5-55  microns 

7-65  microns 

Liquid  Water  Content 

0.11  g/n,^ 

0,17  g/m^ 

Droplet  Concentration 

200  cm’-^ 

40  cm"^ 

Visibility 

1 100  m 

200  m 

J.F.  O'Connor,  "Fog  and  Fog  Forecasting,"  Handbook  of  Meteorology, 
pp.  727-736,  McGraw-Hill,  New  York,  1945. 


J.J.  George,  " 
Meteoro' ogical 


Fog,"  Compendium  of  Meteorolog)' . 
Society,  Boston,  1951. 
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Note  that  the  advectlon  fog  has  a higher  liquid  water  content, 
but  greater  visibility  than  the  radiation  fog  The  correlation  of 
visibility  in  fog  to  liquid  water  content  is  shown  in  Figure  A-9 
for  both  advection  and  radiation  fogs. 

There  is  considerable  variation  in  the  watei  content  of  clouds 
and  water  fogs,  but  ir.  general,  stratus  (or  low)  cloods  and  typical 
ladi  ion  or  advectior.  fogs  have  water  contents  on  the  order  to 
0.2S  or  less.*'  Mason^'  reports  that  the  M^iaua  liquid  water 

content  of  an  advection  fog  approaches  C.*  g'e’  when  there  ii  a strong 
leaperature  inversion  On  rare  occasions,  the  liquid  water  content 
can  becoae  as  large  as  0.5  to  1.0  veo’  dense  radiation  fogs 

(with  20  to  30  aeters  visibi 1 1 ty) . * ‘ 
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B. 


Fog  Attenuation 

The  small  siie  of  water  droplets  comprising  a fog  allows  the 


of  the  Rayleigh  approximations  in  the  determination  of  the 
lectivity  and  attenuation  at  70  GHz.  Atias^®  shows  that  in  the 


use 

reflectivity  ..  _ . _ . . . 

Rayleigh  scattering  region  the  one-way  attenuation  coefficient,  o,  is 
given  by 


a - dB/kn. 

Ap 

where  M = liquid  water  content  per  unit  volume  of  fog  in  g/m^, 

Iin(-K)  » absorption  coefficient, 

„ _ eIiI 

m^  + 2 ’ 

m = complex  index  of  refraction, 

\ - wavelength  in  mm, 
p = density  of  water  in  g/cm^. 


(A-8) 
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1.  THE  LIQUID  WATER  CONTENT 
OF  ADVECTION  FOG  DOES  NOT 
EXCEED  0.4  g/m>  (25) 

2.  THE  LIQUID  WATER  CONTENT 
OF  RADIATION  FOG  DOES  NOT 
EXCEED  1.0  g/m*  1 12), (19), 


LIQUID  WATER  CONTENT  (g/m^) 


Figure  A-9.  Correlation  of  Visibility  in  Fog  to  liquid  Water  Content 


A density  of  1 g/cm^  for  water  is  generally  assumed  for  all  temperatures, 
since  the  density  vurior  no  more  than  0.78%  over  the  0“C  to  40*C 
temperature  range. 

In  the  Rayleigh  scattering  region,  attenuation  is  due  mainly  to 
absorption.  To  calculate  tne  absorption  coefficient  for  fog,  the 
index  of  refraction  for  water  must  be  determined  for  the  frequencies 
of  interest.  The  contplex  index  of  refraction,  m,  is  given  in  terms 
of  the  complex  dielectric  constant,  by^^: 


^ “ "l  - ■'"2- 


(A-9) 


\ 

I)  . : 


where  and  ^re  the  real  and  imaginary  parts  of  the  dielectric 
constant . 

The  dielectric  constant  may  be  evaluated  by  the  Debye  formula®: 


O oa 


(A-10) 


where  e^,  c^,  and  AX  are  empirically  derived  constants.  The  Debye 

constants  for  water  over  the  0°C  to  40“C  temperature  range  are  presented 
in  Table  A-3. 


Table  A-3 

Constants  for  the  Debye  Formula 


TCo 

€ 

O 

e 

00 

AX (cm) 

0 

88.0 

5.5 

3.59 

10 

84.0 

5.5 

2.24 

IS 

81.0 

5.5 

1.66 

20 

80.0 

5.S 

1.53 

30 

76.4 

5.5 

1.120* 

40 

73.0 

5.5 

^ 0.857* 

• These  constants  have  been  rederived  and  differ  from  those  published 
in  Reference  9.  The  derivation  of  these  new  values  will  be  presented 
in  a forthcoming  paper. 


D.E.  Gray,  American  Institute  of  Physics  Handbook,"  McGraw-Hill,  New 
York,  1957. 
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The  complex  indices  of  refraction  of  liquid  water  for  8.6,  4.3,  and 
3.2  ram  energy  were  evaluated  from  equations  (A-9)  and  (A- 10)  and  are 
shovm  in  Table  A-4  as  a function  of  water  temperature. 

Table  A-4 

Complex  Index  of  Refraction  of  Water 


1 

Temp. 

8 .6  mm 

4 . 3 mm 

3 . 2 mm  1 

(0“C) 

:s  GHz 

70  GHz 

94  GHz 

0 

3.947-j2.367 

3.039-J1.603 

2.801-jl.302 

10 

4.802-j2.735 

3.543-J2.059 

3.173-J1.732 

20 

5.607-j2.838 

4.077-j2.380 

3.596-j2.076 

30 

6.266-j2.733 

4.608-]2.574 

4.031-j2.323 

40 

6.748-j2.S01 

5.108-j2.649 

4.457-j2.477 

Using  the  complex  indices  of  refraction  listed  in  Table  A-4,  the 
absorption  coefficients  for  35,  70  and  94  GHz  radiation  were  determined 
for  the  0*C  to  40“C  temperature  range.  These  values  are  given  in 
Table  A-5. 

Table  A-S 

Absorption  Coefficients  for  Water 


{ ABSORPTION'  COEFFICIENT  | 

35  GHz 

70  GHz 

94  GHz 

0.114 

0.172 

0.183 

0.079 

0 .137 

0.162 

0.058 

0.107 

0.133 

0.044 

0.085 

C.109 

0.036 

0.069 

0.090 

Examination  of  Table  A-5  indicates  that  the  absorption  coefficient 
of  water  is  liighly  sensitive  to  temperature  in  the  0"C  to  40°C  range. 
Assuming  the  density  of  water  to  be  1 g/m^,  the  attenuation  coefficient 
of  fog  at  35,  70  and  94  GHz  may  be  computed  using  equation  (A-6) , and 
is  given  by: 
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« 9. 52  M Im(-K) 

db/km, 

(A-11) 

- 19.04  M ImC-K) 

db/km, 

(A-12) 

- 25.58  M ImC-K) 

db/km. 

(A-13) 

coefficient  has  been 

computed  as 

a function  of 

liquid  water  content  using  equations  (A-11),  (A-12),  and  (A-13)  at 
0*C  and  40“C.  These  results  are  shown  graphically  in  Figure  A-10. 

An  examination  of  the  figure  shows  that  the  attenuation  is  substantial- 
ly greater  at  0“C  than  it  is  at  40°C. 

Fog  is  generally  described  by  its  apparent  optical  visibility. 

This,  however,  is  an  inadequate  characterization  of  fog  in  that  similar 
visibility  conditions  may  result  from  various  meteorological  conditions. 

Visibility  restrictions  result  from  fog  or  low  clouds  with  or 
without  precipitation.  These  natural  conditions  occur  in  wide  variety 
as  a result  of  different  weather  conditions  with  seasonal  and  geograph- 
ical variations.  The  detailed  physical  nature  of  the  phenomena  varies 
considerably  even  when  producing  comparable  effects  on  vision.  Reduced 
visibility  can  result  from  widely  different  distributions  of  water 
substance  in  terras  of  numbers  of  droplets  of  different  dimensions. 

As  discussed  in  Section  IV-A  advection  fogs  have  a higher  liquid 
water  content,  but  greater  visibility  than  radiation  fogs.  The  small 
number  of  large  drops  in  an  advection  fog  attenuates  light,  and  hence 
visibility,  much  less  than  the  large  number  of  small  drops  in  a 
radiation  fog.  The  larger  liquid  water  consent  of  advection  fogs 
causes  greater  attenuation  of  millimeter  wave  energy. 

It  is  possible,  however,  to  obtain  representative  values  of 
attenuation  based  on  the  apparent  visibility  in  each  of  the  two  basic 
fogs  by  combining  the  advection  and  radiation  fog  visibility  curves 
from  Figure  A-9  with  the  attenuation  curves  of  Figure  A-IO.  However, 
the  most  meaningful  description  of  the  attenuation  coefficient  is 
obtained  from  the  liquid  water  contents. 

C . Fog  Backscatter 

The  backscatter  cross  section  of  fog  can  be  determined  from  the 
Rayleigh  scattering  theory  approximation  given  by  Atlas^®  as 


Et* 


I 

* 


(A- 14) 


LIQUID  WATft?  CONTENT  [g/n?) 


Figure  A- 10.  One-Way  Attenuation  in  Fog  As  a Function  of  Liquid 
Water  Content 


where 


|k|^  ■ hackacatter  coefficient, 

X - wavelength  in  mm, 

Z ■ reflectivity  factor, 

Atlas^®  gives  the  reflectivity  factor  in  terms  of  the  liquid 
water  content  fcr  radiation  fog  as 


Zj^  - 0.48M^  (A- IS) 

and  for  advection  fogs  as 

= 8.2M^.  (A-16) 


For  M in  units  of  g/m^,  Z is  in  units  of  It  is  obvious 

froai  the  above  relationships  that  the  largest  bacV.scatter  cross 
section  would  be  found  in  advection  fogs.  However,  in  the  millimeter 
wavelength  region  (35  to  94  GHz)  the  largest  cross  section  was  found 
to  be  less  than  1.0  mm^/m^.  Inasmuch  as  the  cross  section  is  more 
than  two  orders  of  magnitude  smaller  than  that  of  rain,  it  has  a 
negligible  effect  on  radar  system  performance.  Consequently,  it  will 
not  be  considered  further. 


V.  SYSTEM  CONSIDERATIONS 


A.  Introduction 


The  primary  considerations  in  the  selection  of  frequency  relate 
to  the  antenna  si^e,  transmission  properties  of  the  atmosphere,  and 
the  state  of  component  technology.  Since  radar  systems  must  be 
designed  to  operate  under  adverse  weather  conditions,  such  as  rain 
and  fog,  close  examination  must  be  made  of  attenuation  and  back- 
scatter  in  these  media,  as  a function  of  radar  wavelength. 

From  an  installation  point  of  view,  selection  of  a higher 
frequency  would  be  advantageous  in  reducing  antenna  swept  volume, 
with  a corresponding  reduction  in  radoire  size  and  the  attendant 
structural,  cost,  and  weight  problems.  Since  swept  volume  varies 
approximately  as  the  cube  of  the  antenna  si/.e,  any  reduction  in 
antenna  size  would  prove  quite  beneficial.  However,  an  increase  in 
frequency  to  achieve  this  benefit  must  be  carefully  weighed  against 
possible  deleterious  effects  of  weather. 
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B.  Clear  Air  Performance 

The  attenuation  of  millimeter  energy  in  clear  air  was  discussed 
in  Section  II.  The  clear  air  attenuation  coefficient  for  the 
frequencies  of  interest  is  shown  in  Table  A-6. 

Table  A-6 

Clear  Air  Attenuation  Coefficient 


Frequency 

GHz 

New  Band 
Designation 

Old  Band 
Designation 

Attenuation 

Coefficient 

dB/km 

35 

K 

0.18 

70 

M 

V 

0.41 

94 

M 

W 

0.24 

If  the  system  is  designated  for  clear  air  operation  only,  the 
frequency  at  which  the  attenuation  is  smallest  should  be  chosen. 
However,  any  operational  radar  would  be  u.sed  under  adverse  weather 
conditions,  such  as  rain  and  fog.  The  effect  of  rain  and  fog  on 
system  performance  must  be  analyzed. 

C . Rain  Performance 

The  performance  of  a radar  operating  in  the  rain  is  degraded  by 
the  absorption  and  scattering  of  the  energy  by  the  raindrops.  For 
analysis  purposes,  the  attenuation  coefficient  for  light  and  heavy 
rain  is  given  in  Table  A-7  for  the  three  millimeter  frequencies  of 
interest.  These  values  are  taken  from  Figure  A-6.  [An  attenuation 
coefficient  of  1 dB/km  would  reduce  the  radar  range  of  a system  from 
10  nautical  miles  in  clear  air  to  approximately  6.S  nautical  miles; 

7 dB/km  reduces  the  range  to  approximately  1.1  nautical  miles.) 
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Table  A-7 

Rain  Attenuation  and  Backscatter  Coefficient 


Frequency 

GHr 

Light  Rain 
(1  mm/hr) 

Heavy  Rain 
(16  mm/hr) 

Attenuation 

(dBAm) 

Backscatter 

(cm^/m’) 

Attenuation 

(dB/kra) 

Backscatter 

(cra^/m^) 

35 

0.24 

0.21 

4.0 

4.9 

70 

0.73 

0,72 

6.9 

4.1 

94 

0.95 

0.89 

7.4 

3.9 

In  addition  to  the  attenuation,  the  energy  reflected  back  to  the 
radar  is  of  interest  since  it  contributes  additional  noise  to  the  system. 
Ihe  backscatter  coefficients  are  also  presented  in  Table  A-7  based  on 
the  curves  of  Figure  A-7. 


As  can  be  seen,  the  backscatter  cross  section  o£  heavy  rain  is 
comparable  for  V-  and  W-band  radars  and  is  actually  less  than  at  Ka- 
band.  Thus,  a V-  or  W-band  radar  operating  in  heavy  rain  would  have 
less  rain  clutter  than  a Ka-band  system.  A W-band  system  would  have 
slightly  less  rain  backscatter  than  a V-band  system  at  the  heaviest 
rain  rates,  but  the  higher  attenuation  at  all  rain  rates  would  tend 
to  discourage  the  use  of  frequencies  higher  than  V-band. 


Even  though  rain  attenuates  V-b?nd  more  than  Ka-band,  it  does  not 
preclude  its  choice  as  the  frequency  of  an  operational  radar.  Consider 
the  target-to-rain  clutter  ratio  for  a given  radar. 


The  return  from  a target  is  given  by 


2 2 

O.J. 


(4r)^  r'*  exp  (2aR] 


(A-17] 


The  return  due  to  rain  is  given  by 


2 2 c T 

X^  a.  0K^) 


RAIN 


exp  (2aR) 


CA-18) 
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where  P^  = peak  power, 

G = antenna  gain, 

X = wavelength, 

Oy  ' target  crosa  section, 

R = range, 

a = one  way  attenuation  coefficient, 

==  rain  backscatter  cross  section  per  unit  \'Olume, 
6 = azimuth  beamwidth, 

4)  = elevation  beamwidth, 
c = speed  of  light  in  free  space, 

T = transmitted  pulse  width. 

The  target-to-clutter  ratio  is  given  by 


p 

TGT 

p 

RAIN 


{^)  o.  0?> 


For  a parabolic  antenna  of  dimension  Jc 


Substituting , 


P 

TGT 

^RAIN 


e = <}i 


65  X 
I 


(^)  (65)“ 


1 


? 

a 

1 


For  a fixed  target  cross  section  at  a given  range,  the  term  in 
brackets  is  a constant.  It  is  now  possible  to  define  a figure  of 
merit,  for  system  performance  in  rain  which  is  a function  only  of 

frequency;  namely, 

F = . (A-19) 

X*-  o. 
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This  factor  gives  an  indication  of  the  effect  of  rain  backscatter 
on  system  perfomance. 

Figure  A-11  shows  the  "figure  of  merit"  as  a function  of  radar 
frequency.  An  examination  of  the  curve  Indicates  that  a frequency  in 
the  Ka-band  region  would  provide  the  poorest  performance  under  all  rain 
conditions.  Consequently,  a frequency  other  than  35  GHz  should  be 
chosen.  Inasmuch  as  a frequency  in  the  V-  or  W-band  region  offers 
acceptable  performance  in  rain.  It  will  be  considered  further.  Before 
a frequency  is  chosen,  its  performance  in  fog  must  be  investigated. 

D . Fog  Performance 

The  attenuation  coefficient  for  millimeter  propagation  in  fog  was 
derived  in  Section  IV-B.  As  shown  in  Figure  A-10,  the  attenuation  is 
linearly  dependent  on  the  liquid  water  content  of  the  fog.  In 
addition,  there  is  a significant  temperature  dependence.  The  attenua- 
tion coefficient  is  given  in  Table  A-8  for  a liquid  water  content  of 
0.1  g/m^. 

Table  A-6 

Attenuation  Coefficient  of  Fog^ 

Liquid  Water  Content  - 0,1  g/m^ 


Frequency 


Attenuction 

dB/km 

Coefficl ent 

0*C 

40*0 

0.11 

0.034 

0.36 

0.138 

0.47 

0.22 

The  attenuation  increases  with  frequency.  Thus  the  lowest 
frequency  (35  GHz)  should  be  chosen  for  adequate  fog  performance. 

E.  Frequency  Choice 


Consideration  of  clear  air  and  fog  attenuation  would  lead  to  the 
choice  of  35  GHz  as  the  frequency  for  an  operational  system.  However, 
once  the  effect  of  rein  backscatter  is  considered,  a frequency  in  M- 
band  (70  or  94  GHz)  would  offer  the  best  performance  under  all  weather 
conditions.  A choice  between  70  and  94  GHz  requires  a careful  examina- 
tion of  component  technology,  noise,  and  ECM.  There  has  been  sufficient 
development  of  70  GHz  components  to  allow  the  design  of  practical  systems 
at  this  frequency  band. 


104 


APPENDIX  B 
FLUCTUATING  CLUTTER 


9 


fn~4 


f 

I 

I 

/ 
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I.  INTROPUCTinS 

In  Uiis  section  we  shall  be  concerned  with  the  reradiation  charac- 
teristics of  terrain  at  millimeter  wavelengths  where  the  short  wave- 
length permits  operation  of  sm.all  lightweight  radar  systems  capable  of 
operation  in  adverse  weather  over  ranges  of  several  navitical  miles. 

Bcca’ise  of  the  short  wavelength,  the  clutter  environment  plays 
a very  significant  role  in  obstacle  detectability  in  that  small  varia- 
tions in  clutter  position  cause  large  fluctuations  in  the  strength 
of  the  background  signal.  ^ terrain  clutter  model  is  presented  whose 
Output  is  characterized  by  its  power  spectral  den'll  r>-  and  its  probabil- 
ity density  function.  A comparison  with  experimental  data  indicates 
th.at  the  model  may  confidently  be  used  for  signal  d.eiection  studies 
at  these  wa\’elengths , 


II.  ST.VriSTlCnL  NATURF.  OF  CLDTTl.R 

The  signal  radiated  by  a large  group  of  scatterors  i\as  been 
studied  on  a statistical  basis  for  many  rears.  Th.  ? llieorctical  models 
which  ha\'c  served  to  descrihe  observed  phcncmer.;’  r.er.u.'-.i  1 1 y consist  of 
an  infinite  number  of  inJoiiendent  scattcrers,  e;u  li  free  to  move  at  a 
different  \'ciocity.  The  description  of  the  signal  er.anating  from  such 
nn  arra>'  forms  a branch  of  the  general  theory  of  mndom  processes 
dating  hack  to  Rayleigh.' 

The  received  electric  field  strength  can  be  shown  to  be  of  the 

form' 


1 l,t)  = k(t)  cos  [w  t * vlt,  j , 
o 


[p-n 


^lord  Kas'leig'i,  Tlieor.'  of  Sound,  Second  Fd-itioti,  i r.,e  1,  ’-lacVi  1 1 ian, 
18tU. 

2 

I''.  Kerr,  Propngution  o‘  Short  Radio  Waves,  Radiation  laboratory 
Series,  \'olumc  13,  McHiaw -Hi  1 1 Book  Company,  19?1, 
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whore  is  the  transmitted  frequency  and  R(t]  and  ^CtT  are  functions 

of  scatterer  motion.  If  wo  define  a vector,  R(tl,  whose  magnitude  is 
equal  to  R and  whose  phase  is  it>,  then  the  probability  density  function 
of  R,  i.e.,  the  probability  that  R lies  between  R and  R ♦ dR,  is  given 
by  the  well-known  Rayleigh  distribution* 


P(R) 


~ R exp  (-  , 

0 o 


(B-2) 


where  is  a parameter  of  the  distribution.  A plot  of  equation  (B-2)  is 

given  in  Figure  B-1.  The  mean  value  of  R is  o , and  the  rms  value 

2 

is  / P^  (4  - TT)  /2  . 


Extending  the  discussion  to  the  case  of  a fixed  target  return 
plus  clutter,  Schwartz’  has  shown  that  the  probability  density 
function  of  R,  q(R),  is  given  by 


q(R) 


2R  r 2,  , 

^ exp  [ - (^)  + m ) ] 


.2mR., 


e /r 


V • 


(B-3) 


2 

where  is  the  modified  Bessel  function,  m is 
power  ratio.  For  m^»l,  equation  (B-3)  reduces 


the  signal-to-noise 
to  the  Gaussian  function. 


q(R) 


r /■R  c R ^ 2 -1 

exp  [ - (^  - ( - m)  ] 

0 


(B-4) 


Thus,  for  high  signal-to-noise  ratios,  the  probability  density  function 
of  the  magnitude  of  the  composite  return  approaches  a Gaussian  dis- 
tribution with  mean,  m/p~  , and  standard  deviation,  /P  / 2 . 

0 ’ o 


3 

M.  Schwartz,  Information  Transmission,  Modulation,  and  Noise,  McGraw- 
Hill  Book  Company,  1959. 
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Up  to  this  point  we  have  been  concerned  with  the  long-term  statis- 
tics of  the  clutter  which  essentially  determine  the  "betting  curve"  of 
the  noise  process.  Now  let  us  examine  the  correlation  between  samples 
of  the  clutter  signal  spaced  at  second  intervals,  i.e.,  the  auto- 
correlation function  of  the  clutter  process.  This  problem  has  not 
been  solved  analytically  for  the  model  discussed  previously,  although 
much  experimental  data  has  been  obtained  for  a wide  variety  of  scatterer 
mobilities  and  forcing  functions,  such  as  wind.  The  Fourier  transform 
of  the  autocorrelation  function  is  the  power  spectral  density,  and  it 
is  with  this  function  that  we  shall  be  concerned.  Figure  B-2  is  a 
plot  of  experimental  data  obtained  for  various  types  of  terrain  when 
observed  at  the  frequency  70  GHz.  Barlow'*  suggests  that  a good  approx- 
imation to  the  power  spectral  density  is  given  by 

W(f)  = exp  [ - a (B-5) 

where  "a"  is  a spectrum  parameter  dependent  on  the  composition  of  the 
area  being  observed  and  is  the  frequency  of  operation.  Shown  on 

Figure  B-2  is  a plot  of  equation  (B-5)  for  values  of  "a"  obtained  by 
Barlow  at  1 GHz, 

It  is  evident  that  in  each  case  obser\'ed  data  at  70  GHz  has  a 
broader  spectrum  than  that  which  would  have  been  predicted  using 
Barlow's  parameters.  A possible  explanation  for  this  discrepancy  is 
that  at  low  frequencies  the  smaller  structures  such  as  leaves  and  grass 
play  a more  prominent  role. 

^n  Figures  B-3  and  B-4  are  shown  the  probability  density  functions 
for  tree-covered  terrain  with  the  mean  v;.lue  removed.  For  the  cases 
considered,'  the  mean  values  were  large  compared  to  the  fluctuating 
component  and  produced  a Gaussian  distribution  as  predicted  by  equation 
(B-4);  where  noise  is  replaced  by  the  fluctuating  component  and  m>>! . 


in.  PROBABILITY  DENSITIES  OF  FLUCTUATING  CLUTTER 

The  problem  o?  describing  the  radar  video  return  from  a fixed 
target  immersed  in.  clutter  is  analogous  to  that  of  describing  a signal 
composed  of  a sins  wave  plus  narrow  band  noise.  This  problem  has 
been  extensively  treated  in  the  literature.^*® 


*^E.J.  Barlow,  "Doppler  Radar,"  Proc.  IRE,  Vol.  37,  April  1C4P. 

■’.S.O  Rice,  "Mathematical  Analysis  of  Random  Noise,"  BSTJ,  Vol.  24, 
pp.  93-107. 

Middleton,  Introduct I or.  to  Statistical  Communication  Theory, 
McGraw-Hill  Book  Company,  19b0. 
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Figure  B-2.  Clutter  Spectrum  of  Wooded  Ground  at  Millimeter 
Wavelengths 
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Figure  B-3.  Characteristics  of  the  Radar-Video  Return  From  A 
Fluctuating  Target 
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Figure  B-4.  Characteristics  of  the  Radar-Video  Return  From  A 
Fluctuating  Target 


113 


The  instantaneous  signal  voltage,  vCtl , in  the  receiver  prior  to 
detection  can  be  \*ritten  as  the  superposition  of  the  return  from  a 
large  number  of  independent  scatterers,  representing  clutter,  and  an 
unmodulated  sine  wave  at  the  radar  frequency,  f^,  corresponding  to 

the  return  from  the  fixed  target.  Rice®  has  shown  that 


v(t)  = [x^(t^  + A]  cos  2 7T  f^t  - XgCt)  sin  2 it  f^t,  (B-6) 


where  x and  x are  normally  distributed  random  variables  related  to 
c s 

the  clutter  process.  Their  probability  density  functions  are  given  by® 


(Xj  = 

1 

c 

p 

2tt  C ® 

2C 

(X^l  = 

1 

X 

s 

p 

2tt  C ® 

2C 

(B-7) 


(B-8) 


where  C,  the  variance  ot  the  distributions,  is  equal  to  the  mean 
clutter  power,  and  A is  the  constant  amplitude  of  the  return  from  the 
fixed  target.  As  the  clutter  spectrum  is  narrow  band,'*  it  is  appropri- 
ate to  write 


v(t)  = r(t)  cos  [2tt  f^t  + e(t)]  (B-9;) 


with 

-1  X 

e = tan  fiT'  (B-iO) 

c 

and 

2 

r = X (x  ^ A1^.  (B-11) 

s ^ c • 

For  a radar  receiver  employing  a linear  envelope  detector, 
envelope  r(t)  of  instantaneous  voltage  vft)  is  equal  to  the  radar 
video  return.  It  is  known  that  the  probability  density  function  of 
r,  p (r;i,  is  given  by® 
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APPENDIX  C 

CLUTTER  niSCRIMINATlON  TECIIMUnF.S 
CMOVING  target  IN'DICATION!) 


I.  INTROIV.JCTION 

It  is  possible  to  distinguish  hef-veen  fixed  and  moving  objects  on 
the  basis  of  the  doppler  shift  in  the  frequency  of  transmission  which 
occurs  when  radar  signals  are  reflected  from  moving  objects.  The 
doppler  shift  is  proportional  to  the  :adiai  velocity  of  the  moving 
target  with  respect  to  the  ladar  anc.  inversely  proportional  to  the 
wavelength  of  the  radar.  Detection  of  this  frequency  shift  makes  it 
possible  to  discern  moving  targets  in  the  presence  of  unwanted  fixed 
or  scintillating  targets  whose  returns  may  be  many  times  stronger  than 
those  of  the  moving  targets. 

Detection  of  the  doppler  shift  in  frequency  requires  a knowledge 
either  of  the  phase  anl  frequency  of  the  transmitted  signal  or  of  an 
external  reference  with  respect  to  v-fiich  the  shifted  frequency  can 
be  compared. 

The  three  types  of  MTI  radar  most  frequently  used  today  are  the 
coherent,  coherent-on-receiver , and  clutter-coherent  systems.  Coherent 
rnd  cohei'ent-oii-iecei ver  sysrens  i);casiirc  the  doppler  shift  with  respect 
to  the  transmitted  frequency,  whereas  cliitter-coliercnt  systems  measure 
the  doppler  shift  with  respect  to  t!ie  essentially  time- invariant  clut- 
ter return.  Depending  upon  the  system,  the  frequency  shift  produced 
by  the  moving  target  may  be  detected  as  a phase  or  as  an  amplitude 
fluctuation.  In  coherent  and  coherent-on-receiver  systems,  the  phase 
information  is  processed  to  yield  moving  target  indication.  In 
clutter-coherent  MTI  systems,  amplitude  information  is  used  to  detect 
the  doppler  component  produced  by  a moving  target.  Highly  stable 
oscillators  are  not  required  althougli  a moving  target  can  be  detected 
only  when  viewed  against  a fixed  or  scintillating  background,  for 
this  reason,  a clutter-coticrent  offers  a simple  approach 

to  the  detection  of  targets  moving  along  the  ground,  an  approach  that 
is  attractive  where  space  and  w.ejght  are  limited,  as  in  an  aircraft 
or  portable  ground  system. 

The  video  output  of  both  coherent  and  clutter-coherent  pulsed 
radar  systems  is  a superposition  of  the  familiar  "butter‘'ly"  signal, 
whose  amplitude  varies  at  the  doppler  frequency,  and  the  extraneous 
lower  frequency  clutter  signals  aga;:'.- t i l.ich  the  donpler  signal  must 
compete  for  detection.  Discrimination  between  fixed  and  moving 
targets  on  the  basis  of  differences  in  t'lei  r frequency  spectra  is 
made  more  difficult  by  the  motion  cf  tlic  radar  platform.  Although  the 
relative  velocity  between  the  radar  and  tlie  clutter  will  usually  differ 
from  the  relative  velocity  between  the  radar  and  the  moviiig  target, 
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their  frequency  spectra  tend  to  overlap  due  to  spectral  broadening  of 
both  the  target  and  the  clutter  returns.  Spectral  spreading  of  the 
clutter  is  minimal  when  the  antenna  points  in  the  same  direction  as 
the  aircraft  velocity  vector.  As  the  an»"enna  moves  off  this  position, 
however,  the  spectral  spreading  increases.  Additional  spectral  broad- 
ening results  from  the  processing  of  a finite  pulse  train  and  from 
the  use  of  a noncoherent  second  detector  as  well  as  from  instabilities 
in  the  radar  itself. 

However,  with  special  attention  to  frequency,  amplitude,  and 
time  jitter,  a conventional  radar  may  be  used  in  a clutter-coherent 
NTTI  mode.  The  only  requirement  is  that  an  OTI  video  processor  be 
added  to  the  conventional  radar.  The  function  of  this  processor  i.s 
to  reduce  the  clutter  returns  that  are  present  in  the  detected 
video  output  of  the  radar  while  preserving  the  mov'ng  target  information. 
The  rejection  of  the  low-frequency  clutter  echoes  and  transmission 
of  the  higher  frequency,  doppler  shifted,  target  returns  can  be  achieved 
by  a number  of  filtering  techniques,  including  delay  line  cancellation 
and  the  use  of  range-gated  filters. 

Delay  line  cancellation  involves  the  subtraction  of  the  radar 
return  on  successive  pulses.  The  residue  is  indicative  of  the  speed 
and  magnitude  of  the  moving  target.  Range  information  is  preserved, 
but  the  filter  characteristics  necessary  for  good  clutter  discrimina- 
tion require  the  use  of  more  than  one  delay  line  for  realization. 

Size  and  weight  are  problems,  as  is  the  requirement  for  maintaining 
stability  between  the  delay  line  length  and  the  interpulse  period. 

Filter  characteristics  yielding  superior  clutter  discrimination, 
while  avoiding  the  problems  peculiar  to  the  use  of  delay  lines,  e.g., 
the  interpulse  period  stability  requirement,  can  be  achieved  by 
quantizing  the  range  into  discrete,  contiguous  intervals.  This 
process,  known  as  range  gating,  presei^'es  the  range  information. 
Associated  with  each  range  interval  is  a sample  and  hold  circuit 
(boxcar  detector)  that  operates  into  its  own  filter  network.  By 
properly  designing  the  filter,  an  NfTI  is  obtained  which  has  far 
greater  moving  target  detection  capability  than  a single  delay 
line  canceller. 


II.  RANGE-GATED  DOPPLER  PROCESSOR 

Figure  C-1  is  a simplified  block  diagram  of  a range-gated 
doppler  signal  processor.  The  video  signal  is  applied  to  the  range 
channels  through  a buffer  stage  that  provides  both  isolation  and  a 
convenient  means  of  shifting  the  dc  level  of  the  input.  TVie  system 
contains  N channels,  each  corresponding  to  a discrete  contiguous 
range  element.  Each  channel  consists  of  a boxcar,  bandpass  filter, 
rectifier  and  low  pass  filter,  and  threshold  gate.  Information  is 
gated  into  each  channel  at  a time  coinciding  with  a prescribed  range 
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and  is  held  by  the  boxcar  circuit  until  the  next  sample  value  is 
obtained,  one  PRF  interval  later.  The  output  of  the  boxcar  is  applied 
to  a bandpass  filter  which  serves  to  reject  the  clutter  components  of 
^ho  rr.Jar  return  while  passing  the  doppler  frequencies.  The  doppler 
returns  are  rectified  and  integrated  in  a low-pass  filter  that  improves 
the  signal-to-noise  ratio  by  averaging  the  signal  over  the  beamwidth 
of  the  antenna  pattern.  The  processed  video  is  then  threshold  detected 
and  gated  onto  a common  line. 

The  timing  pulses  (range  gates)  are  derived  from  an  integrated 
circuit  timing  generator  to  sequentially  gate  the  range  channels  once 
each  pulse  repetition  interval.  The  width  of  the  range  gates  depends 
upon  the  range  accuracy  desired.  If  the  range  gate  is  made  equal  to 
the  width  of  the  transmitted  radar  pulse,  then  maximum  range  resolution 
is  achieved.  The  moving  target  competes  only  against  clutter  within 
its  range  interval,  thereby  permitting  maximum  clutter  attenuation. 

The  number  o^  gates  is  determined  by  the  desired  range  coverage,  and 
in  turn  deterniines  the  complexity  of  the  gating  circuitry  and  the 
number  of  data  processing  channels  required.  Because  this  number  can 
become  large  if  extended  range  coverage  is  desired,  careful  attention 
must  be  given  to  using  circuits  that  can  be  fabricated  in  thin-film  or 
integrated  circuit  form.  To  this  end,  pulse  transformers  have  been 
eliminated  by  redesigning  boxcar  detector  circuits  and  by  replacing 
blocking  oscillators  with  diode-transistor  micro-logic  elements. 
Similarly,  inductors  have  been  eliminated  by  using  active  RC  networks, 
rather  than  LC  filters,  to  achieve  the  sharp  cutoff  frequency  charac- 
teristics required  for  good  clutter  discrimination. 
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